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Summary of the Thesis 
 
The research presented in this thesis has been summarized 
as a compendium of articles published and to be published 
in the future. There are five chapters dealing with the 
results and discussions. The results and discussions are 
preceded by a general introduction and objectives. The 
summary of each chaper of the results is given below. 

 
 The 1st chapter deals with aqueous quantum dots 

(QDs) capped with meta-carboranyl phosphinate which 
gives us a brand new architecture of QDs named as core-
canopy QDs. This is the first time spherical ligands have 
been experimentally used to cap QDs. Due to this 
architecture, we obtained a new luminescence property in 
these QDs, called the kinetic fluorescence switching (KFS) 
which has never been reported before. It is not similar to 
aggregation induced emission (AIE) nor aggregation caused 
quenching (ACQ), but it is a new phenomenon in which the 
luminescence fades with time but upon application of 
kinetic energy regains the full intensity of emission. These 
core-canopy QDs are compared with other QDs and 
characterized. 

 The next chapter deals with synthesis of QDs in 
water using a new set up developed by us. It produces QDs 
with high PL, QY and longer lifetime of emission in water 
medium. The set up used is different to the reflux based 
method used to synthesize QDs in water at 100oC. Here we 
used a cork insulated sand bath, with ace pressure tubes of 
glass. The QDs are generated in these pressure tubes at 
150oC under autogeneous pressure produced by the tubes. 
They have been compared to the traditional water based 
QDs and charaterized. These QDs combine the advanatge of 
high QY and different luminescence colours of 
organometallic synthesized QDs and the easy and cheap 
production of a water based synthesis. 

 The next chapter deals with quantum nanocrystals 
(QNCs) being synthesized in water for the first time. No 
other QNC has been synthesized in a completely water 



medium other than QD. We have demonstrated an easy 
synthetic route and setup design using which quantum rods 
(Qrods) and quantum rings (QRs) can be easily synthesized 
in a water medium. This is the first time that this has been 
experimentally synthesized and studied. These QNCs could 
be easily stored in powdered form, remain suspended in 
various solvents for more than 18 months, without 
degradation in their colloidal stability or luminescence 
properties. Moreover, they can be used to form 
nancomposites using polymers. These polymeric films 
containing the QNCs showed luminescence which lasted 
over a year and could also show electroluminescence, hence 
making them viable for QLED applications in the future. 

 The 4th chapter of the results and discussions deals 
with magnetic nanoparticles (MNPs) coated with meta-
carboranyl phosphinate. These give rise to new nano-
hybrids which can be used for biological application of 
boron neutron capture therapy (BNCT). These nanohybrids 
have been synthesized, characterized and used in biological 
applications. Their magnetic properties and stability has 
been studied after autoclave sterilization, further their 
colloidal stability in different biological culture mediums 
has also been studied. Then their cellular uptake has been 
studied and quantified. The uptake of the MNPs by the 
glioblastoma tumor cells has been visualized and also 
studied in vivo for BNCT applications. 

 Finally, the last chapter deals with the synthesis of 
MNPs using colloidal co-precipitation method and coating 
with inorganic silica shell. These coated MNPs are further 
functionalzied with amino and carboxylic groups for them 
to be attached with antibodies in the future for biosensing 
applications. MWCNTs are also used in conjugation with 
these MNPs to generate magnetic nanocomposites (MNCs). 
Both the MNPs and MNCs are used to generate for the first 
time a non-bonded complex with H[COSAN]. H[COSAN] 
being a redox specie can be used to manipulate the HOMO-
LUMO levels, thus enabling these MNPs and MNCs as 
effective sensing layer materials. They have been 
thoroughly characterized. 
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1. Introduction 
 
  

1. Introduction 
A brief introduction to the carboranes, 

metallacarboranes is written in this part. 

Also, nanoparticles have been introduced 

along with the two different types of 

nanoparticles in specific (semiconductor 

and magnetic nanoparticles) which have 

been particularly used in this thesis. The 

nanoscience of semiconductors and 

magnetism has also been described here 

in order to understand the work 

discussed in the results and discussion 

section. 

 

Arpita Saha 
ICMAB-CSIC (UAB) 
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1. Boron: Historic Overview 
 

Boron dates long back to history and it has been used over 
the ages for over a long period of time. Its usage dates back 
to over 6000 years ago and ever since it has been found, 
people have realized boron to be a ubiquitous element 
which can be found in rocks, soil and water. Historical 
source suggest that Babylonians used the Borax over 4000 
years ago by importing it from the Far East to use it as a flux 
for gold.[1] Egyptians have also been attributed for the use 
of boron for mummifying, medicinal purposes and 
metallurgical applications.  
In the year 1808, the French chemists Gay Lussac and L. J. 
Thenard and also the English Sir Humphry Davy obtained 
the elemental Boron though none of them recognized it as a 
new element. It was only in 1824 that Jöns Jacob Berzelius 
acknowledged it as a new element.  The varied chemistry 
and importance of boron is mainly dominated by the fact 
that borates can form trigonal and also tetrahedral bonding 
patterns and can also form complexes with organic 
functional groups which are of much biological importance.  
In the year of 1912 after various investigations and analysis 
German chemist Alfred Stock synthesized the first hydrogen 
and boron-based compounds that are Boranes. Later on, in 
the sixties, the first carboranes were explained which were 
polyhedral clusters of boron and also incorporated carbon 
atoms in their structure. [2-4] Boranes remained primarily of 
academic interest until World War II. After that, the study 
of the boranes and carboranes has become one of the most 
rapidly increasing areas of inorganic research. William N 
Lipscomb received the Nobel Prize in the year 1976 for 
Chemistry for his studies on the structure of boranes 
illuminating the problems of chemical bonding. [5] He also 
demonstrated that polyhedral boron clusters could be 
described as species with occupied orbitals and 
multicentric bonds in different resonant forms. [6] In this 
way boranes were no longer considered electron deficient 
and were soon termed as superatomics. [7-8] More recently, 
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they have been demonstrated by Teixidor, Sola and Co. that 
they are simply aromatic, obeying the Huckel’s rule. [9,10] 

Herbert Charles Brown also received the Nobel Prize in 
Chemistry in the year 1979 for discovering the great 
reducing effect of BH units over unsaturated organic 
compounds. [11] As a result of this nowadays boron hydrides 
have an important influence on the organic syntheses. [12-14]  
 

1.1. Carboranes 
 
In recent years it has been considered that the boron cluster 
chemistry acts like a bridge between organic, inorganic and 
organometallic chemistry with vivid influences in the fields 
of theoretical chemistry, medicines and polymers. It has 
been established by Teixidor, Sola and Co. a link between 
the hydrocarbon and borohydride chemistries by showing 
that hydrocarbons and borohydrides have a common root 
regulated by the number of valence electrons in a confined 
space. They have also established further by applying the 
electronic confined space analogy (ECSA) method to bridge 
fundamental aromatic hydrocarbons and the analogous 
closo BH clusters.[9,15] Boranes are boron clusters which are 
either anionic or neutral in nature. They are formed by 
triangular faced polyhedra which contains at each vertex a 
B-H unit. These vertices when substituted by heteroatoms 
give rise to the family of heteroboranes. Amongst these 
heteroboranes, carboranes also known as carbaboranes are 
the most studied ones, having at least one atom of boron 
being replaced by an atom of carbon.  
 
The empiric formula of these compounds is: 
[CnBmHn+m+p] x-= [(CH) n (BH) mHp] x  
Where n – number of C atoms within the vertices of the 
cluster  
m – Number of B atoms within the cluster and  
p – Number of bridging H (bridge H)  
 
The clusters of boranes and carboranes are consistent with 
some electronic requirements which were studied in detail 
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by Wade, and are famously known as the Wade rules. [16 -19] 

Using these rules one can determine a tridimensional 
structure starting from the number of occupied vertices and 
also on the number of electron pairs required to form the 
cluster skeleton. If we consider n to be the number of 
polyhedral vertices and if the number of electron pairs 
maintaining the cluster together is n+1, then the compound 
has a closo structure, if this becomes n+2 then the 
compounds are nido whereas if it is n+3 the compounds 
become arachno. One vertex made up by a B-H unit gives 
two electrons to the cluster from the boron atom and in the 
same way if one vertex consists of a C-H unit the carbon will 
give three electrons to the cluster. Respectively the bridge 
hydrogen would only give one electron. Different classes of 
carboranes are listed below. 

• Closo Boranes- (from Greek Clovos, a Cage). They 
have complete, closed polyhedral clusters of n boron atoms; 
they need 2n+2 electrons to maintain the cohesion of the 
cluster.  
 

• Nido Boranes- (from Latin nidus, a Nest). They have 
non closed structures obtained from the loss of one vertex 
of the corresponding closo cluster; they require 2n+4 
electrons to maintain the cohesion of the cluster.  
 

• Arachno Boranes- (from Greek Arachne, a Spider´s 
web). They have even more open clusters, obtained from 
the loss of two vertices of the corresponding closo cluster. 
They require 2n+6 electrons to maintain the cohesion of the 
cluster.  
 

• Hypo Boranes- (from Greek, hyphe, a Net). They 
have the most open clusters, obtained from the loss of three 
vertices of the corresponding closo cluster; they require 
2n+8 electrons to maintain the cohesion of the cluster.  
 

• Conjuncto Boranes- (from Latin conjuncto, Join 
together). They have structures formed by linking two (or 
more) of the preceding types of cluster.  
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ortho-, meta- and para-Carborane: The most known group 
amongst all the carboranes is the group of the icosahedric 
clusters which possesses two carbon atoms, named 
dicarba-closo-dodecarboranes which has the empirical 
formula of C2B10H12. Among these the 1, 2-dicarba-closo-
dodecarborane and 1,7-dicarba-closo-dodecarborane are 
known as the ortho-carborane and meta-carborane 
respectively. Ortho-carborane has the two carbon atoms in 
the adjacent positions while in the meta-isomer two carbon 
atom are separated by one boron.). Upon heating at 420°C, 
the ortho-carborane rearranges to the meta-isomer. Upon 
further heating, one obtains para-carborane. Ortho- and 
meta-isomeric forms have been used in this doctoral thesis.   

 
Figure 1: The three isomers of icosahedral dicarba-closo-dodecarboranes 
(C2B10H12) 

 
Chemical Reactivity of Carboranes: Although ortho- and 

meta-carborane clusters are remarkably stable, in certain 

reaction conditions they exhibit high synthetic reactivity. 

From an electrophilic substitution point of view, at the Cc-H 

vertices (Cc: carbon atom belonging to carborane cluster), 

both isomers display similar chemical reactivity. In both 

carborane isomers, the hydrogen atoms of the Cc-H units are 

more acidic than the ones at B-H vertices, due to more 

electronegative character of carbon with respect to boron 

(2.5 and 2.0 respectively, according to Pauling scale). Thus, 

hydrogen atoms attached to carbon can be considered as 

acidic while those bonded to boron as hydride. The acidity 
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of the Cc-H vertices decreases in the order of ortho-, meta- 

and para-carborane. In the same order, its vulnerability to 

get deprotonated decreases too.  

This relatively acidic character of Cc-H units allows their 

deprotonation by strong alkali and alkaline earth metal 

bases, like for example n-butyllithium or Grignard reagents. 

The generated negative charge on the carbon atom of the 

cluster, Cc, attracts electrophilic reagents, opening the way 

to the introduction of functional groups at the Cc position of 

the cluster. 

 

Figure 2: Deprotonation reaction of Cc-H units followed by substitution 

with electrophilic agents.[20] 

Figure 2 shows the two possible pathways for substitutions 

at one or both of the Cc atoms. After di-lithiation of the 

carborane cluster it is possible to introduce simultaneously 

twice the same substituent, which leads to symmetrically 

substituted carborane. The other pathway (top) 

demonstrates mono-substitution of the carborane cluster 

or the unsymmetrical di-substitution. The synthesis of 

mono-substituted carborane derivatives is more 

complicated compared to di-substituted. The reason is the 

disproportionation of Li[1,2-C2B10H11] into Li2[1,2- 

C2B10H10] and 1,2-C2B10H12 how it was found for ortho-

carborane.[21] Several approaches have been developed to 

overcome this problem. Among them is using the way of 

protection/deprotection methodologies with 

dimethoxyethane as the solvent or by doing the reaction at 
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high dilution. [22-24] Perhaps more simple method is carrying 

the mono-substitution reactions in ethereal solvents at low 

temperature and specific carborane concentration. It was 

suggested that depending on type of electrophile it is 

possible to find combination of conditions (ethereal solvent, 

temperature, carborane concentration) that facilitate the 

largest degree of mono-substitution. [25] By using the 

substitution process, thiol groups and phosphinic groups 

have been added to the carbons of the carborane cluster 

helping to obtain carboranyl phosphinic acids[26] and 

mercaptocarboranes.[22] These ligands have been used in 

this doctoral thesis to cap quantum dots and have enabled 

us to obtain new luminescence properties in them. They 

have helped us to design a new architecture for quantum 

dots called Core-Canopy QDs. They are individually 

discussed in the related chapters.  

1.2. Metallacarboranes 

The closo ortho-C2B10H12 goes to partial deboronation under 
nucleophilic conditions reaction. The nucleophilic attack is 
produced selectively over one of the boron atoms that are 
directly bonded to the cluster carbons, because these boron 
atoms, either B(3) or B(6), are the ones most electronically 
impoverished (Figure 3). The partial deboronation reaction 
leads to the anionic nido cluster [7,8-nido-C2B9H12]-. This 
species has formally lost one B+ fragment with respect to its 
closo precursor, allowing the formation of a cluster bearing 
one open pentagonal face, C2B3, where its remaining 
hydrogen is still present; this resultant nido cluster is a 
monoanionic species, as presented in Figure 3. X-ray 
diffraction studies show that this Hbridge is more bonded to 
B(10) than to B(9) or B(11) and that it maintains itself 
equidistant to these last two.[27-28] In the [7,8-nido-
C2B9H11]2- ion, the metal may be considered to be η5-bonded 
to the open C2B3 pentagonal face of an icosahedral fragment, 
as in the case of the formation of ferrocene from C5H5-. In so 
doing the metal simultaneously completes two icosahedra. 
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In 1965 the first metallacarboranes, [3,3-Fe(1,2-
C2B9H11)2]n- (n = 1, 2), were reported. [29] Recently, it has 
been reported by C. Vinas and Co. a green, quick synthetic 
method with high throughput.[30] It requires no solvent and 
this finding shall facilitate the research on these species.  

 
Figure 3: ortho-carborane partial deboronation reaction 
 

The cobaltabis(dicarbollide) [3,3’-Co(1,2-C2B9H11)2, was 
synthesized in 1965 (Figure 4).[31] This anion has a great 
chemical stability, high molecular volume, low nucleophilic 
character and low charge density because the negative 
charge is distributed between 45 atoms.16 This has been 
used in this doctoral thesis to form complexes with 
magnetic nanoparticles and magnetic nanocomposites. 
When the metal is replaced with iron instead of cobalt it is 
called ferrabis(dicarbollide). 

 
Figure 4: General Synthesis of Metallacarboranes. When the metal is 
Cobalt then it is called Cobaltabis(dicarbollide) and when it is Iron then it 
is called Ferrabis(dicarbollide). 
 

The derivative chemistry of the cobaltabis(dicarbollide) 
remains very much unexplored.[32-33] Teixidor and Olid have 
done a comprehensive revision on the methods to produce 
the B-C, B-P, B-N and B-S bonds of the boron clusters. [34]  
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The fundamental reason is the lack of a comprehensive 
synthetic strategy leading to these derivatives. As for the 
C2B10H12 carborane compounds, substitutions may occur on 
[3,3’ Co(1,2-C2B9H11)2]-, either on carbon or on boron. 
Further structural details of cobaltabis(dicarbollide) has 
been given in the chapter 5 of the thesis, which deals with it 
forming a complex in magnetic nanoparticles and 
nanocomposites.  
 

1.3.  Applications 
 
The currently claimed applications for boron clusters 
compounds are based either on the unique properties of the 
molecules or on specific properties of the basic element 
itself such as: the extreme acidity of acids conjugated to the 
polyhedral ions combined with a unique hydrophobicity of 
these anions, the exceptional stability of the polyhedral 
species due to their aromaticity and the unexpected ability 
to nearly all open-cage clusters to form sandwich metallic 
complexes. Some of the applications of the boron clusters 
are listed below. 

• Radionuclides Extraction  
Boron clusters can be successfully applied in the selective 
extraction of nuclear residues like radionuclides. The 
sandwich-type anion, [3,3'-Co(C2B9H11)2]-, shows high 
stability in an acidic medium, in which the radioactive 
cations that are to be extracted is found. This was the first 
compound to be used with such purposes. [35-42] Moreover 
the high solubility of this anion in organic solvents makes it 
easily extractible from aqueous phases. Also, it has high 
chemical and thermal stability as well as resistance to 
radiation. All these factors make the cobaltbis(dicarbollide) 
anion as an ideal extracting agent for metallic ions, found in 
residual waters.  
 

• Homogeneous Catalysis  
Ruthenium and Rhodium based carboranes have been 
widely used in homogeneous catalysis in a variety of 
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reactions, such as terminal[43-47] and internal[48] alkenes' 
hydrogenation[49,50],hydrosililation[51-56], 
cyclopropanation[57-60] and Kharash CCl4 addition reactions 
to olefins.[61]  
 

• Smart Materials  
In conducting organic polymers also boron clusters can be 
used as doping agents due to their low charge density, 
which improves the stability and in particular, their 
resistance to over oxidation.[62, 63]  
 

• Medicine  
The special feature of the Boranes and Carboranes is their 
biocompatibility.[64] These are mostly artificially 
synthesized compounds and therefore neither are 
recognized nor metabolized by the living organisms and 
hence displaying very low toxicity. Moreover, some iron 
based metallacarboranes having [MeC3B7H9]- units have 
shown cytotoxic properties on different tumour cell 
lines.[65] Also some recent studies have proven that some 
cobaltabis(dicarbollide) derivatives can act as potent 
specific inhibitors of protease HIV-1. [66] 

 
• Boron Neutron Capture Therapy (BNCT): Neutron 

Capture Therapy (NCT) is a bimodal therapy that utilizes a 
neutron source to generate an internal destroying radiation 
in tumour cells that leads to their death. As opposed to 
conventional radiation therapy using X rays or ɣ rays where 
an external radiation source is required, a big advantage of 
NCT is that the surrounding healthy tissue is not exposed to 
the radiation that can be a big issue in treatment of tumours 
in deep parts of the body. Thus, NCT requires the use of an 
isotope with high neutron capture cross section. The 
“organic” elements such as C, H, O, N have very low neutron 
capture cross section (< 2 barn). In contrast, isotopes of 
other elements such as boron and gadolinium, 10B and 
157Gd, are good at absorbing neutrons (capture cross 
section for 10B is 3840 barn, for 157Gd- 25400 barn). Also, 
10B isotope was an attractive element due to its high natural 
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abundance of 20%. 157Gd isotope also has a natural 
abundance of 15.7% that can be effective to capture 
neutrons. Up to now GdNCT has never been used clinically 
(i.e., in humans), the reason being the toxicity concern of 
gadolinium. On the other hand, over 900 patients have 
already undergone Boron Neutron Capture Therapy 
(BNCT), worldwide and effects of BNCT on malignant 
tumours and healthy surrounding tissue seemed to be 
established. [67] 
The history of BNCT started in 1932 since the discovery of 
the neutron by Chadwick,[68] followed by Locher´s proposal 
to use neutron capture reactions in cancer treatment.[69] 
BNCT technique consists of two steps: the selective delivery 
of 10B-containing agents to tumour cells followed by their 
irradiation with low-energy neutrons, which results into 
the prompt nuclear reaction. The predominant products of 
this reaction are 7Li nuclei and high linear energy transfer 
(LET) α particles. LET particles are lethal but their effect is 
concentrated mostly inside of host cells due to their short 
path length in tissues (4.5-10µm). 
 
a. 
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b. 

 
Figure 5: (a)The schematic representation of BNCT in glioblastoma cells 
[70]. (b) Only the cancer cells are destroyed in BNCT. One of the constituents 
of natural boron, known as boron-10 (or 10B), is irradiated with low-
energy thermal neutrons, yielding high linear energy transfer alpha 
particles and recoiling lithium-7 (or 7Li) nuclei. These biochemical 
interactions are known as nuclear capture and fission reactions. Tumour 
cells absorb much more 10B boron than normal cells. For example, 
malignant brain cells may take in seven times as much 10B as normal cells. 
As a result, the fission reaction process destroys only cancer cells. [ref] 

 

Research in the area of development of boron-containing 
delivery agents for BNCT started ~60 years ago with the 
investigation of a large number of boron compounds, that 
were regarded as “first-generation” agents for BNCT.[71] The 
most important requirements for a BNCT delivery agent 
are: i) low toxicity, ii) water solubility, iii) good tumour-cell 
selectivity, with a tumour: normal tissue and tumour: blood 
ratios higher than 3, iv) be deliverable at around 20 µg 10B/g 
(tumour tissue), v) persistence in tumour cells during the 
course of neutron irradiation, vi) capacity to penetrate 
biological barriers such as the blood-brain barrier (BBB).  
So far, clinically for the treatment of patients with malignant 
brain tumours and malignant melanoma has been used two 
main boron delivery agents: sodium borocaptate, 
Na2B12H11SH (BSH), and boronophenylalanine (BPA) which 
formulas are displayed in the Figure 6.  
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Figure 6: The chemical structure of the boron compounds used in BNCT 
clinical trials. 

 
During the last 20 years a big number of boron delivery 
agents have appeared using different approaches. Among 
them are derivatives of biological molecules (amino acids, 
nucleic acids, peptides, DNA-binding molecules), porphyrin 
derivatives, nano-vehicles (liposomes), dendrimers. Also, 
other delivery systems such as nanoparticles are currently 
under research. Hosmane et al. attempted to use magnetic 
nanoparticles for boron delivery into tumour cells.[72] BNCT 
has been explored with the magnetic nanoparticles coated 
with m-carboranyl phosphinic acid (1-MNPs) in this 
doctoral thesis and is dealt with it in chapter 4. These new 
nano-hybrids have been tested for BNCT for cancer therapy.  
 

2. Nanoparticles 
 
The Nanoparticles (NPs) are tiny particles which have their 
dimensions within the nanoscale range. The general 
definition for nanoscale range is from 1-1000nm, but for 
NPs or nanomaterials (NMs), this is usually considered to 
be from 1-100nm. The nanoparticles are characterized into 
various classes depending on their properties, shape and 
composition etc. [73] The huge interest related to them has 
arisen due to the unique properties represented by these 
materials in lieu of the small dimensions. The properties 
shown by these particles vary greatly than showed by the 
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same materials in their bulk counterparts owing to the 
greater surface to volume ratio that they possess. NPs have 
different shapes like spheres, rods, tetra-pods, wires, belts, 
rings disks etc. which helps in achieving further interesting 
results in their properties. Depending on the overall shape 
these materials can be 0D, 1D, 2D or 3D. This classification 
is highly dependent on the electron movement along the 
dimensions in the NMs. [74] For example, electrons in 0D 
NMs are entrapped in a dimensionless space whereas as 1D 
NMs have electrons that can move along the x-axis, which is 
less than 100 nm. Likewise, 2D and 3D NMs have electron 
movement along the x–y-axis, and x, y, z-axis respectively. 
The importance of these materials were realized when 
researchers found that their size can influence the 
physiochemical properties of a substance e.g. the optical 
properties. The various categories of NPs or NMs are listed 
below: 

• Carbon Based Nanomaterials: These are NMs which 
contain carbon in them and can be found in different shapes 
like in forms of tubes, spheres or ellipsoids etc. The most 
common ones are Carbon nanotubes (CNTs), Graphene 
sheets (Gr), Carbon nanofibers, Carbon onions and 
Fullerenes (C60).  

• Inorganic Nanoparticles: The inorganic NPs are the 
ones which usually consist of metal, metal oxides, 
semiconductors or ceramic based particles within the 
nanoscale.  

• Organic based Nanoparticles: These NPs are made 
mostly from organic matter. They are usually the 
dendrimers, liposomes, micelles or polymeric NPs.  

• Composite Nanomaterials: Composite NMs are 
multiphase NPs and NMs with one phase in the nanoscale 
dimension that can either combine NPs with other NPs or 
NPs combined with larger or with bulk-type materials (e.g., 
hybrid nanofibers) or more complicated structures, such as 
a metal-organic frameworks (MOFs). The composites may 
be any combinations of carbon-based, metal-based, or 
organic-based NMs with any form of metal, ceramic, or 
polymer bulk materials. [75] 

https://www.sciencedirect.com/topics/chemistry/optical-property
https://www.sciencedirect.com/topics/chemistry/optical-property
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Out of all the 
types of NPs 
and NMs 
mentioned 
above, the 
focus in this 
thesis has been 
mostly on 
semiconductor 
NPs which 
show unique 
optical 
properties in nano-dimension, metal oxide particles of Iron 
oxide which show superparamagnetic properties in nano 
scale. Also, CNTs which are carbon-based NPs, have been 
used in forming magnetic nanocomposites and 
semiconductor NPs have also been used with polymers to 
form nanocomposite films in this doctoral thesis. The 
science of nanoscale semiconductor materials, 
semiconductor NPs, science of nanoscale magnetic 
materials, magnetic NPs and CNTs are discussed in the next 
sections. 
 
 

3. Nanoscience of Semiconductors 
 
Semiconductors (SCs) are materials which have a band gap 
consisting of the valence band and the conduction band. The  
SCs are usually belonging to the II-VI or III-V group in the 
periodic table. They show drastic change in their chemical 
and physical properties when their size is reduced. To 
understand this change in their properties in nano-
dimension we need a brief overview of the physics of 
semiconductors.  
Physics of Semiconductors: Electrons are confined to a 

number of bands of energy, and forbidden from other 

regions. The term "band gap" refers to the energy difference 

Figure 7:  Different kinds of nanoparticles 
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between the top 

of the valence 

band and the 

bottom of the 

conduction band; 

electrons are able 

to jump from one 

band to another.  

In order for an 

electron to jump 

from a valence 

band to a 

conduction band, 

it requires a 

specific amount 

of energy for the 

transition. The 

required energy differs with different materials. The 

conductivity of intrinsic semiconductors is strongly 

dependent on this band gap. The only available carriers for 

conduction are the electrons which have to have enough 

thermal energy to be excited across the band gap in order 

to make the SCs conductive. The band gap is formed due to 

atomic orbitals which are discrete set of energy levels. 

When several atoms are brought together to form a 

molecule, their atomic orbitals split. Similarly, when a 

greater number of atoms like the order of 1020 or more are 

brought together to form a solid, the number of atomic 

orbitals become increasingly large and therefore the energy 

levels do not remain discrete but become continuous as the 

difference in the energies between them become smaller. 

However, some intervals of energy contain no orbitals, no 

matter how many atoms are aggregated, forming band gaps. 

This is the bulk state of the SCs, in which the energy levels 

of the band gap are a continuum. This changes when the size 

of the SCs start to decrease. It is described below: 

Figure 8: Valence and Conduction band in 

Semiconductors. 
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✓ If the size of a semiconductor crystal becomes small 

enough that it approaches the size of the material's Exciton 

Bohr Radius, the electron energy levels can no longer be 

treated as continuous but treated as discrete, namely there 

is a small and finite separation between energy levels.  

✓  This situation of discrete energy levels is called 

quantum confinement. [76] 

✓ Bohr radius: It is a physical constant which states that 

the most probable distance between the proton and 

electron in a hydrogen atom in its ground state. [77] 

✓ Exciton: A bound state of an electron and hole which 

are attracted to each other by the electrostatic coulomb 

force: Electron-hole pair. An exciton can form when a 

photon is absorbed by a semiconductor. This excites an 

electron from the valence band into the conduction band, 

thus leaving a hole in valence band. This hole and the 

electron bound pair forms the exciton. 

If the semiconductor particle size approaches the Bohr 

Exciton radius and is either close to it, equal to it or less than 

it then the quantum confinement effect is shown by these 

semiconductor NPs. Weak quantum confinement effect is 

shown by the semiconductor NPs when their size is farther 

from the Bohr Exciton radius value. The farther it is from 

the Bohr Exciton radius the lesser is the quantum 

confinement effect. On the contrary the closer the size of the 

particle is to the Bohr exciton radius, the stronger the effectt 

of the quantum confinement. [78] The Bohr Exciton radius of 

the CdSe is 5.4nm, hence the size of CdSe NPs equal to this 

value or lesser than this (for example 1-2nm) show strong 

quantum confinement effects. This is why it is extremely 

important to control the size of the semiconductor NPs. 

 On understanding this underlying concepts, one can 

understand why semiconductor nanoparticles are so 
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unique and have captivated researchers for the last two 

decades.  

3.1. Semiconductor Nanoparticles 

The semiconductor NPs are semiconductor materials 

having dimensions in the nano scale. As we have already 

familiarised about the nanoscience of semiconductor 

materials, the semiconductors which have a size range 

which falls within the quantum confinement region show 

quantum effect. These particles or materials are called 

quantum dots (QDs), quantum rods (QRods) or quantum 

rings (QRs) depending on their geometry. Each of them has 

at least 1-dimension in the quantum regime in order to 

show the quantum confinement effect in them. The most 

studied among these is QDs which are confined on all 3 

dimensions and allow us to study 0D quantum structures. 

After them QRods are the second most studied and allow us 

to study 1D quantum structures as they are confined in only 

two direction which is their cross section. The least studied 

among them are the QRs as they are difficult to synthesize. 

The quantum confinement effect allows these particles to 

have a tuneable bandgap and in essence tuneable emission 

properties. This is because the electron in the valence band 

is excited by the absorption of a photon, and it goes to the 

conduction band forming a hole. Then it relaxes back to 

combine with the hole, and this recombination can be 

radiative that is by emitting a photon (light energy) or non-

radiative recombination in which the energy of the electron 

is converted to a phonon or thermal energy due to lattice 

vibrations. [79] Therefore, when the size of the band gap 

changes, the energy to be emitted changes and hence the 

emission colour changes. Hence, according to the size of 

QDs, the band gap energy is altered and hence we have – a 

tunable bandgap! This is possible as long as the size of the 

dot is close to or below the Exciton Bohr Radius, as the size 

increases the band gap decreases and vice versa. 



1. Introduction 

 

19 

 

 

Figure 9: Tuneable band gap of the semiconductor nanoparticles when the 

size is closer or below the Bohr exciton radius. [80] 

The size of the bandgap is controlled simply by adjusting the 

size of the dot. Because the 

emission frequency of a dot is 

dependent on the bandgap, it 

is therefore possible to 

control the output 

wavelength of a dot or by that 

matter of a QRod or QR. 

Smaller the dot, they 

fluoresce more in the blue 

region while larger the dot, 

they fluoresce in the red 

region. The most common 

QDs are CdS, CdSe, ZnS, 

ZnSe, PbS, PbTe, CdTe in the 

group of II-VI while for the 

group III-V, they are GaP, GaAs, GaSb, InP, InAs, InSb, AlSb 

etc. They usually consist of a core which is the primary 

Figure 10: Colour of emission 

dependant on the size of the 

QDs [81] 
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semiconductor material, then a shell which can either be 

capping ligands or another semiconductor layer. They can 

be synthesized chemically in colloidal form or by physical 

methods. [82-84] In colloidal synthesis they can be either done 

in an aqueous medium or in an organic medium. In this 

doctoral thesis the choice of semiconductor material has 

been CdSe and the medium of synthesis is aqueous. More 

detailed information about the advantage of this synthesis 

route, ligands used and about CdSe is described in the 

chapter 1. The introduction to QD, QRod, QRs are dealt with 

in their respective chapters. The emphasis is laid mostly on 

the optical properties of these quantum nanocrystals 

(QNCs) over here as it has been most extensively studied in 

this thesis. Other properties like conductivity of these QNCs 

are not dealt with in this doctoral thesis. 

 

3.2.  Applications 

The applications of Quantum Nanocrystals (QNCs) are 

many. Out of which few are listed here: Optoelectronic 

sensors and Chemosensing, Photovoltaic devices, Catalytic 

activities, Hydrogen production, Bioimaging and targeted 

drug delivery, Quantum light emitting diodes (QLEDs), Thin 

film transistors, QD Lasers, Nanoelectronics etc. [85] The 

research in this field is still going on to obtain more and 

more applications by manipulating the various aspects of 

these QNCs. 

4. Nanoscience of Magnetism 

Magnetism is a physical phenomenon which is mediated by 

magnetic fields. The base of magnetism lies in two important 

characteristics of electrons, they are the orbital movement of 

the electron around the atomic nucleus and the movement of 

the electron spin around its axis. The association of orbital and 
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spin magnetic moments together makes an electron to behave 

like a tiny magnet. Magnetization is the sum of all magnetic 

moments (m) of the atoms in a material per unit volume (V), 

M= m/V (emu/cm3). Though for practical reasons, 

magnetization (M) is often referred in unit mass and 

expressed as emu/g.  

Materials respond differently to the external magnetic field 

and they are categorised based on their responses into 

diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic 

and ferrimagnetic materials. [86-88] Out of these materials, 

diamagnets are repelled by a magnetic field while 

paramagnets are weakly attracted by them. On the other 

hand, ferromagnets have a strong net magnetization when in 

presence of an external magnetic field and also retains partial 

magnetisation when the magnetic field is removed as 

opposed to paramagnets. 

 
Figure 11: It shows the diamagnetism, paramagnetism and ferromagnetism. 

Ferromagnetic materials have a hysteresis cycle when applied with a 

magnetic field as they retain the magnetic property even when the applied 

magnetic field is removed. 
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Antiferromagnets show zero magnetization in the presence of 

a magnetic field due to opposing magnetic moments of atoms, 

similarly, ferrimagnets have opposing moments too but, in 

their case, the 

opposing moments 

are unequal and 

they possess some 

magnetization. 

Ferromagnetic 

materials have 

several domains but 

when the size 

reduces below a 

critical value, then 

the materials 

compose of a single 

domain and this 

exposes the size 

dependence 

properties of 

ferromagnetic 

materials. For single 

domain 

ferromagnetic materials, their magnetic energy is comparable 

to their thermal energy. Thus, when the size of the particles 

reduces below the size of single domain, their thermal 

energies overcome their magnetic energy and hence the 

magnetization vector of single domain particles can be 

reversed spontaneously. This makes the particles 

superparamagnetic. [86] 

Nano scale magnets which have at least one dimension in 

nano range possess this super-paramagnetism. The size 

dependant magnetic properties like super-paramagnetism, 

remanence enhancement, exchange averaging of 

anisotropy and giant magnetoresistance all come to fore 

when the size drops to nanoscale. [89-90] Temperature plays 

Figure 12: Size dependence of domains. 

Beyond a certain critical size, the 

domains in the ferromagnetic material 

becomes one, thus nanoparticles have 

single domains. 
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a major role in superparamagnetism of nanoparticles, as 

below a certain temperature the particles lose their 

superparamagnetic 

properties. This 

temperature is 

characterized as the 

Blocking Temperature 

(TB). Above the blocking 

temperature they 

become paramagnetic in 

nature. [91] Normally, 

ferromagnetic materials 

have a hysteresis loop 

which graphs the 

response of these 

particles under the 

influence of magnetic 

field. It has two distinct 

parameters, The remanence (MR) and coercivity (Hc). These 

parameters no longer exist when the particles become 

superparamagnetic as they do not have the hysteresis loop 

anymore. This size dependency of magnetism opens up a 

new avenue for research. The changed magnetic properties 

at nanoscale dimension has garnered a lot of attention for 

the past two decades in every field of research as these 

materials carry nanoparticles which exhibit 

superpramagnetism. A chief characteristic of the 

superparamagnetism is that it operates at the nanoscale 

and it arises due to spin-based momentum of the unpaired 

electrons present in a material. To add to this, 

superparamgnetism is characterized by the presence of 

single magnetic domains in the material concerned, i.e. the 

magnetization induced in a material is same throughout 

across a material in the presence of an external magnetic 

field. [90] Among all nanoscale magnetic materials, magnetite 

nanoparticles (Fe3O4 NPs) grab special attention at the 

Figure 13: Hysteresis curves of 

ferromagnets, paramagnets and 

superparamagnets.  
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behest of their enhanced magnetic property among all other 

naturally occurring magnetic materials. They are used in 

this doctoral thesis to form nano hybrids for cancer therapy 

which is discussed in chapter 4. Chapter 5 deals with 

magnetite nanoparticles being functionalized using 

different moieties, forming composites with CNTs and also 

a new complex with H[Cosan] or cobaltabis(dicarbollide).  

4.1. Magnetic Nanoparticles 

Magnetite (Fe3O4 NPs), Maghemite (ɣ-Fe2O3) and Hematite 

(α-Fe2O3) are the most common magnetic materials which are 

extensively studied in nano-dimension. They are often 

referred to as SPIONs (Super Paramagnetic Iron Oxide 

Nanoparticles) as they show superparamagnetic properties 

due to their size. Though they have been used in a variegated 

field, their usage has been lemmatized due to their tendency 

to get oxidized and also get agglomerated. In order to 

overcome this, these MNPs are usually coated with a layer of 

material thus giving us a core shell structure of MNPs. This 

shell not only helps in stabilizing the MNPs by reducing their 

oxidation, but also, they provide for a platform for further 

functionalization of the MNPs. [92-93] The most commonly used 

shells are of metal oxides, inorganic materials and polymers 

of different types. [94-96] They are also used with graphene and 

carbon nanotubes (CNTs) to form nanocomposites which are 

used in applications like sensing. These nanocomposites help 

in attaining hybrid materials having superior properties 

owing to the superparamagnetic abilities of the MNPs coupled 

with high conductivity, thermal and mechanical properties of 

graphene or CNTs. These MNPs can also be further doped 

with other metals which can enhance their properties, thus 

improving their performance for the applications. But there 

are a few problems too when these particles are coated with 

various shell layers or made into nanocomposites. 

Sometimes, owing to the presence of too much modification 

of the magnetic core by the protective layers, the magnetic 



1. Introduction 

 

25 

 

properties of the core reduces and it does not remain as 

efficient as it should be. This is why there has been substantial 

focus towards developing synthetic routes to synthesize 

MNPs of different sizes, composition and morphology and to 

stabilize these particles in varying conditions for their 

successful applications in multiple fields. Commonly used 

MNPs are usually within the dimension of 5-20nm as 

magnetite and maghemite usually have single domains within 

this size range, but the size requirement does considerably 

depend upon the applications for which they have to be used. 

Recent studies on larger nanoparticles in the form of magnetic 

nanorods or larger spherical ones have garnered quite an 

interest for their larger magnetization properties. The 

magnetic nanorods are of special interest as they have one 

larger dimension while the other two dimensions are in the 

nano-range. [97-98] They preserve the properties of the 

superparamagnetism coupling the need of larger magnetic 

materials for certain applications like for enhanced data 

storage or plasmonics. More detailed description about the 

synthetic routes used for MNPs, the coatings done on their 

core and their use in biological applications are described in 

chapter 4. A few of the common applications are listed in the 

next section. 

4.2.  Applications 

There are many applications of the magnetic nanoparticles 

but few are mentioned here. The most important ones are its 

use in biomedical field of drug delivery, magnetic resonance 

imaging, also used immensely in biosensing, catalysis, 

memory storage devices, energy storage and capacitance or 

for environmental purposes like waste water cleaning etc. [99-

105] 
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5. Carbon Nanotubes (CNTs) 

 

CNTs, also called buckytubes, are cylindrical carbon 

molecules with unique properties that make them 

potentially useful in a wide variety of applications. CNTs 

exhibit extraordinary strength as well as unique electrical, 

mechanical and thermal properties. CNTs are the members 

of the fullerene family, which was discovered by Kroto et al. 
[106] in 1985. Buckyballs are spherical fullerenes, whereas 

CNTs are cylindrical, with at least one end typically capped 

with a hemisphere with the buckyball structure. The name 

CNT derives from the size, as the diameter of a nanotube is 

on the order of a few nanometers. Iijima [107] first 

synthesized multi-walled carbon nanotubes (MWNTs) in 

1991 using a simple arc-evaporation method. However, 

CNTs were discovered long before researchers even 

imagined that carbon may exist in such a diverse allotropic 

form. In 1952, Radushkevich and Lukyanovich [108] reported 

the discovery of “worm-like” carbon formations. These 

were observed during their study of the soot formed by the 

decomposition of carbon monoxide (CO) on iron particles at 

600°C. Though this was reported but it went unnoticed due 

to lack of information in the field of nanoscience at that 

time. The formation of CNTs can be explained by rolling up 

of graphene sheets. Ideally, it is enough to consider 

a perfect graphene sheet (graphene is a polyaromatic 

monoatomic layer consisting of sp2-hybridized carbon 

atoms arranged in hexagons; genuine graphite consists of 

layers of this graphene) and to roll it into a cylinder, 

making sure that the hexagonal rings placed in contact join 

coherently. Then the tips of the tube are sealed by two 

caps, each cap being a hemi-fullerene of the appropriate 

diameter It is shown in the Figure 14.  
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Figure 14: (a) Formation of Graphene derivatives, (b) Graphene sheet (c) 

Graphene sheet rolled into CNT. [ref] 

Structure of CNTs: CNTs, also known as tubular fullerenes, 

are cylindrical graphene sheets of sp2-bonded carbon 

atoms. In CNTs the graphene sheet is rolled upon itself to 

form different allotropes of carbon, including graphite, 

fullerenes and CNTs. [109] 

Different types of CNTs: CNTs can be divided into three 

categories on the basis of the number of tubes present in the 

CNTs. They are as follows: 
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• Single Walled CNTs (SWCNTs): Single-walled CNTs 

(SWCNTs) are made of a single graphene sheet rolled upon 

itself with a diameter of 1–2 nm. The length can vary 

depending on the preparation methods. 

• Double Walled CNTs (DWCNTs): These nanotubes 

are made of two concentric carbon nanotubes in which the 

outer tube encloses the inner tube. 

• Multi Walled CNTs (MWCNTs): MWNTs consist of 

multiple layers of graphene rolled upon itself with 

diameters ranging from 2 to 50 nm depending on the 

number of graphene tubes. These tubes have an 

approximate inter-layer distance of 0.34 nm. [110] 

 

Figure 15: (a) SWCNT [111], (b) DWCNT [112] and (c) MWCNT. [113] 

Common methods to synthesize CNTs are: 

• Arc-Discharge method 

• Laser Ablation 

• Chemical Vapor Deposition 

• Vapor Phase Growth 

• Flame Synthesis method 

• Nebulized Spray Pyrolysis Method 

The CNTs after being synthesized can be functionalized 

either by non-covalent functionalization or by covalent 

functionalization.  

Non-covalent functionalization: This type of 

functionalization is based on Van der Waal’s forces. Beside 

these forces, hydrophobic or Pi-Pi interactions have also 

been reported. Non-covalent functionalization is important 



1. Introduction 

 

29 

 

and interesting because it does not damage or modify the 

CNTs structure to a great extent. It can be done by 

surfactant or polymer wrapping 

Covalent Functionalization: In this type of functionalization, 

the desired groups are attached onto the sidewall or tips of 

the CNTs permanently in an irreversible manner. Various 

chemical groups such as carboxylic, p-aminobenzoic acid, 

fluorine, added dichloro-carbon groups are attached to the 

surface or at the ends of the CNTs. [114-117] The advantages of 

chemical functionalization are that it can be attached 

covalently with polymeric materials and dispersed well in 

different solvents. The main disadvantage of the chemical 

function is the production of defects on CNTs. 

 

Figure 16: Types of functionalization of CNTs. [118] 

In this doctoral thesis MWCNTs have been used to form 

composite with MNPs. Also, the type of functionalization 

done on the MWCNTs is covalent functionalization, by acid 

treatment COOH groups were generated to anchor the 

MNPs on them. The CNTs can be used for many applications 

which are given below in the next section. In this doctoral 

thesis the composites were made to be used in sensing 

applications by combining the conductivity of MWCNTs 

along with the magnetic properties of the MNPs. 
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5.1.  Applications 

CNTs are the most rapidly growing nanomaterials in the 

field of nanotechnology due to their various applications. 

Many investigators and researchers have dedicated much 

effort to the creation of novel properties and to expanding 

the number of novel applications in diverse fields, from 

materials science, medicine, electronics and energy storage, 

with many studies focusing on nanotechnology and the use 

of CNTs as fillers. [119] More attractive applications of CNTs 

can be achieved through the use of CNTs for applications 

that require conductivity and a high absorption capacity 

and for the creation of high-strength composites, fuel cells, 

energy conversion devices, field-emission devices, 

hydrogen storage devices, and semiconductor devices.[120-

121] Wastewater treatment by CNTs is also a rapidly growing 

field for those who are interested in adsorption studies. [122] 

The major problem associated with CNTs is their high cost 

and non-renewable characteristic. At present, special 

efforts are in progress to develop certain preparation 

methods for CNTs which minimize their cost. The 

applications in gist are shown in the Figure 17.  

 

Figure 17: Some of the applications of CNTs. 
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Objective of the Thesis 

The objective of the thesis is given below: 

 The initial motive and the objective of this thesis 

encompassed the idea of using spherical carborane ligands 

appended to quantum dots in water medium to test their 

viability as capping ligands. 

 There had been no previous study on quantum dots 

with different shaped ligands other than long chains of 

carbon and we wanted to check hoe these can affect the 

properties of the quantum structures. 

 Further we wanted to design a synthetic route for 

obtaining quantum dots in water at higher temperature and 

pressure without using autoclaves or long time of reaction 

and using the common reagents. 

 The objective was not only to obtain quantum dots 

in water but also other quantum nanocrystals if possible, 

like quantum rods or quantum rings. These quantum 

nanocrystals have never been synthesized in a colloidal 

synthetic route in water and never been reported before, so 

we wanted to try to synthesize these unique morphologies 

in water and characterize their properties. 

 Further we wanted to also use carboranyl ligands 

for not only with quantum dots but also with magnetic 

nanoparticles and see how they can be influenced. The 

objective was to successfully synthesize them and also test 

their viability in biological applications 

 One of the other objectives was not only to cap the 

magnetic nanoparticles with carboranyl ligands but also 

with metallacarboranes like H[COSAN] as H[COSAN] is a 

redox specie and could help to tune the properties of these 

nanoparticles to be used in sensors. Magnetic 

nanocomposites with multiwalled carbon nanotubes were 

also envisioned to be studied and used to form a complex 

with H[COSAN] in order to have a highly conductive 

material. 



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results and Discussions Part 1 

(Quantum Nanocrystals) 

 

 

 



 



3. Results and 
Discussions Part 1  

  

3.1.1. Core-Canopy 
Quantum Dots 
A brand-new architecture for QDs in water 

with spherical ligands being used. The new 

architecture leads to exciting new properties, 

one of which is observed in these QDs is 

Kinetic Fluorescence Switching (KFS), which 

is neither similar to aggregation induced 

emission (AIE) or aggregation caused 

quenching (ACQ). 
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1. Introduction 

Quantum Dots (QDs) are semi-conductor nanoparticles 

having dimensions in the range of 1-10nm [1], sometimes 

extending up-to 20nm. Due to their extremely small size, 

they have a vast range of properties which makes them 

extensively attractive for varied applications in the present-

day scenario [2-13]. This is due to the quantum confinement 

effect as stated before in the general introduction of the QDs 

at the beginning of the thesis, which enables them to have a 

size tuneable bang-gap and in effect that of a size-tuneable 

emission [14]. QDs normally have a core capped with ligands 

which hinders their growth beyond the needed dimension 

in order for them to exhibit their unique properties. They 

are synthesized by physical methods or by chemical 

colloidal synthetic routes. In chemical synthetic routes, they 

are mostly made by high-temperature hot-injection organic 

method or the more environment-friendly water-based 

method [15]. The QDs are usually comprised of a core which 

is made up of either II-VI or III-V elements, then it has a shell 

which is usually another semiconductor of wide bandgap 
[16]. The second layer is used to passivate the surface 

deficiency and also to aid in improving the quantum yield 

(QY)[17]. The QDs require capping ligands to surround the 

core or the core/shell structure. This is because the capping 

ligands prevent the QDs to grow beyond a particular 

dimension [18]. This is modified by the quantity and type of 

the ligand along with the temperature of the reaction [19]. 

This is of utmost importance as all the properties of the QDs 

rely on their dimensions. We have concentrated ourselves 

with the aqueous synthetic route owing to its many 

advantages over the organometallic synthetic route. The 

most important necessity to obtain highly fluorescent water 

based QDs is for their application in bioimaging and other 

biological applications. 
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1.1. Aqueous QDs 

Aqueous QDs are the ones which are directly synthesized 

using water as the solvent for the synthesis procedure. In 

this it follows a typical route where a Cd precursor (which is 

a water-soluble Cd metal salt) is dissolved in water along 

with the stabilising agent or capping agent. Then it is purged 

with N2 gas before the chalcogen source of Se or Te is added 

to the solution mixture. In the aqueous synthesis, mild 

heating is used in the initial phase of the reaction process in 

order to obtain the particle growth. Very high temperatures 

are usually not used in the water-based synthesis opposed 

to the organic synthesis where reaction temperatures range 

from 200oC to 350oC [20,21]. In the aqueous method, the pH of 

the reaction is important and needs to be maintained. This 

has been shown by Li et. al that at lower pH of 8-8.2 the QY 

value of 60% for CdTe can be achieved while Rogach et. al 

have also shown that at a higher pH of 12, in order to achieve 

the matching QY value we need to tailor the amount of the 

Cd precursor and the capping agent in the reaction [22,23]. 

Usually, CdTe is more commonly synthesized in the aqueous 

form while CdSe is preferred in the hot injection synthetic 

route [24-30]. There are many advantages of QDs synthesized 

in water over the QDs synthesized in organometallic 

synthesis. The aqueous synthesis has gained huge 

prominence due to its production of biocompatible QDs in 

an environmental- friendly solvent along with the ease of 

obtaining the QDs in powdered form as opposed to the 

organic synthetic route [31].  The major drawbacks of the QDs 

synthesized in water is their photoluminescence properties 

are inferior to their organically synthesized counterparts 

and low QY. This is mainly attributed to the mild 

temperature conditions used during the synthesis of 

aqueous QDs [32]. There have been few reports in which QDs 

in water have been synthesized in slightly higher 

temperatures in autoclaves under pressure using the 

hydrothermal synthesis [33,34]. They improved the QDs in 
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water considerably in terms of their luminescence 

properties but these QDs have higher tendencies to 

aggregate than the ones made at milder conditions. The 

Table 1 below lists the advantages of aqueous method over 

the organometallic synthesis of QDs.  

Advantages of Aqueous 
Synthesis 

Disadvantages of Aqueous 
Synthesis 

Can be easily used in medical 
applications without 

cumbersome ligand exchange 
process 

Lower QY 
  

Green solvent and 
environmentally friendly 

Smaller range of colours 
(usually individual colours or 
yellow and orange emission) 

Low Cost Process with high 
reproducibility 

Less control over size 

Safer reagents than the ones 
used in organometallic synthesis 

Room temperature or Lower 
temperatures of 100oC used] 

Easy isolation in powdered form 
and can be stored and re-

dispersed on choice 

Shorter lifetime with rapid decay in 
emissive properties 

Better control of the surface 
charges by the choice of the 

stabilising agent 

Poor crystallinity compared to the 
QDs synthesised in organometallic 

method 

Has the potential to be carried 
out in vast scale for large 

quantity production of QDs 

Sometimes the reactions are 
slower and longer taking up to 
days for the synthesis of QDs 

Table 1: Advantages and disadvantages of aqueous synthesis of QDs [35] 

 The aqueous synthesis attracted us mostly due to its ease of 

production and the ease of its use in biological applications 

without further processing required [36]. Moreover, the 

choice of capping ligands produces different effects in the 

QDs produced in water.  Thre are a number of parameters 

that help determine the aqueous synthesis of QDs. The 

parameters are listed below [37]. 
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Reactant concentration: The molar ratio of the precursors of 

Cd:Se, Cd:S, Cd:Te along with their ratio with the stabilising 

agent plays a very important role in the quality of the 

resultant QDs. In certain cases, higher Cd with respect to Se 

or Te is present and this is necessary so as to be passivated 

by the thiol capping ligands and thus give broader PL peaks. 

While in other cases higher Se helps in obtaining sharper 

and better PL quality but the capping ligands changes in that 

case. 

pH: In most cases a basic pH is used for the synthesis of the 

QDs in water. This is particularly because lower pH than 8 

causes the QDs to aggregate and deterioration of the 

luminescence properties of the QDs. Usually the pH is kept 

between 8 to 12 for the synthesis of all Cd based QDs in 

water as pH is a key factor in influencing the growth rate of 

the QDs and the QY of the resultant QD.  

Temperature of the reaction: The surface structure of the 

QDs depend on the temperature of the reaction mixture. 

Higher temperatures cause the surface defects to minimise 

due to faster growth rate but it also leads to aggregation of 

the QDs. In order to minimise aggregation and also the 

surface defects of the QDs, a compromise is achieved and 

slight temperatures are used at the start of the reaction or 

lower temperatures are used and longer reaction time. 

Heating time: Heating time is directly proportional to the 

size of the QDs, longer heating time produces larger dots. 

Stabilising agents: The choice of stabilising agents is of 

utmost importance while synthesising QDs in water. Most 

commonly thiols are used as they are effective in stabilising 

the dots and regulating the size. The choice of ligands helps 

in obtaining different advantages over the dots, like 

controlling the surface charges or their luminescence 

properties. This point is specially discussed in the next 

section. 
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1.2. Commonly Used Ligands 

The ligands and the choice of ligand is very important as 

mentioned above for controlling the quality and the 

property of the QDs produced using the aqueous synthetic 

route. The commonly used ligands in water-based synthesis 

are thiols like mercaptoacetic acid (MAA), 

mercaptopropionic acid (3-MPA), mercaptosuccinic acid, 

thiolactic acid, 1-thioglycerol, 2-mercaptoethanol and 1-

mercapto, 2-propanol. Out of these the most common are 

MAA and 3-MPA [38,39]. The thiols are mostly used for the 

cadmium chacogenide QDs as they are effective in size 

regulation and stabilisation of these QDs. Capping is mostly 

important as it further helps in reducing the toxicity of the 

QD core, make them water soluble and also helps in the 

luminescence of these QDs. Various phenomena like 

Aggregate Induced Emission (AIE)[40], Aggregation Caused 

Quenching (ACQ)[41] can be diminished or enhanced by the 

adequate choice of these ligands. We have discussed that 

commonly the thiols are used but in certain cases amines are 

also used in water based QDs. This is because amines help in 

manipulating the fluorescence of the QDs, longer chain 

lengths of the amines produced smaller QDs, thus in turn the 

fluorescence peak blue-shifted. But mostly straight carbon 

chains are used to cap the QDs in water. The length varies as 

longer chains give smaller dimension due to their more 

bulkiness as this prevents quick diffusion and so the 

particles grow slowly, while it is quite the opposite when the 

length of the chains is smaller [42]. For QDs that fluoresce in 

the red region, primary amines are the predominantly used 

capping agents for those as the QY for these colours is 

relatively low. Also, steric acid is a good capping agent for an 

orange or red fluorescing QD. Moreover, the capping ligands 

are sometimes chosen with mind to further conjugate the 

QDs with other moieties for further applicative purposes [43-

46]. The Table 2 gives an idea of the dimension achieved for 

the different Cd based QDs using the different capping 
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agents[17, 23-27, 39,47-49]. The figures of the common capping 

ligands are shown in Figure 1.  

QDs Type QDs Size Capping Ligands 

CdTe 1.3-2.4nm 
approximately 

2-mercaptoethanol, 
3-MPA, 2-

mercaptoethylamine 
(MA), L-cysteine, 

MAA,  

CdTe 5 + 0.5nm Dithiol functionalised 
ionic liquid 

CdTe 5.5 + 0.5nm 3-MPA 

CdSe 1.4 to 2.2nm 2-mercaptoethanol, 
3-MPA 

CdSe 2.2 to 3.2nm MAA and thiolactic 
acid 

CdS 1.3-3.9nm 1-thiogycerol, 3-MPA 

CdS 3-5nm 
approximately 

3-MPA, 1-
thioglycerol 

Table 2: List of the stabilising agents used and the size obtained for the 

common Cd QDs. 

 

Figure 1: Commonly used capping ligands in water-based synthesis of Cd 

based QDs. 



3.1.1. Core-Canopy Quantum Dots 

 

8 

 

1.3. Spherical Ligand: m-Carboranyl 

Phosphinate 

Spherical Ligands are those which are 3-D ligands having 

volume and a spherical structure. As mentioned before, 

since mostly straight chains of carbon have been used as 

capping ligands for QDs, the potential for the usage of 

spherical ligands had remained dormant for many years and 

thus no one realized what they could yield when combined 

with the QDs. This maybe attributed to the difficulty in the 

available carbon-based spherical molecules. The known 

ones are C60 and C20H20, while the solubility of the first one 

is an issue, the latter is very difficult to synthesize requiring 

many steps [50]. Thus, these molecules are never sought after 

to be used as ligands to nanoparticles or QDs in general.  

Carboranes in this regard have certain advantages over their 

spherical carbon counterparts and can act as suitable 

spherical ligands for the QDs. The most studied boranes are 

icosahedral boranes, which can be visualized as spheres and 

their foremost examples are [B12H12]2-, 1,2-C2B10H12, 1,7-

C2B10H12 and 1,12-C2B10H12. These are aromatic in nature [51-

53] and are very stable species which are able to sustain high 

temperatures and harsh chemical conditions [54].  Detailed 

introduction for the borane species is given in the main 

introduction of the thesis but the difficulties faced by the 

carbon molecules are not found when producing boranes. 

For instance [B12H12]2- has been synthesized in a single step 
[55]. If these spheres are placed in a close packing, they 

generate openings, through which ions or solvent molecules 

can move and cannot be liberated easily, resembling cell 

membrane transport. This argumentation was used to 

explain that a gold nanoparticle capped with carboranyl 

thiol, 1-SH-1,2-closo-C2B10H11, CarbSH, shuttles from an 

organic phase to an aqueous one by a redox process,  using 

small ions, H+, and [BH4]- [56]. The example of Au nanoparticle 

being used in combination with mercaptocarborane 
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influenced us to think that they can be used effectively as 

spherical ligands for other nanoparticles like QDs and also a 

chance to study the ions’ permeability through the 

peripheral layer of the QDs and their performance. Since 

mercaptocarborane was used for the Au nanoparticles and 

since thiols of carbon have also predominantly being used in 

combination with the QDs, our initial thought was to 

synthesize the QDs with them, but the solubility of 

mercaptocarborane in water is not that good. So, this turned 

our attention to the meta-carboranyl phosphinate.  

Ortho-carboranyl thiol:  Ortho-carborane, 1,2-closo 

C2B10H12, nearly retains the perfect icosahedral geometry of 

the parent borane after substitution of two adjacent boron 

atoms with two carbons. It is highly stable both chemically 

and thermally like its derivatives. It has strong 

hydrophobicity and generates water-insoluble structures 

with limited bioavailability and hence is unsuitable for 

application in BNCT. o-

carborane thiolate has 

salts of Li and Na which 

are considerably water 

soluble but require 

surfactant to make them 

further soluble in water.  

The synthesis procedure 

for o-carborane thiol is 

depicted in the following 

page (Figure 2)[57] 
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Figure 2: Synthesis procedure for o-carborane thiol. 

meta-carboranyl phosphinates: These are new purely 

inorganic class of ligands. ortho-carboranylphosphinic acids 

were obtained for the first time at the end of '60s- beginning 

of '70s by L. I. Zakharkin, M. N. Zhubekova, A.V Kazantsev. At 

that time ortho-carborane 

phosphinic acid showed 

instability due to the weak 

character of Cc-P bond. In the 

literature there are a few 

examples of complexes with 

phosphinic acids due to its instability against oxidation 

(Figure 3). They are not stable and the phosphinic readily 

changes to phosphonic acid. However recent investigations 

found meta-carboranylphosphinic acid stable enough (TGA 

in Air and Argon atmosphere-stable till 300oC- Figure 4) and 

capable to produce complexes with transition metals.  
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There also remained a dearth of available reproducible 

synthesis and characterization for carboranylphosphinic 

acids and therefore they were not synthesized or used 

further. But this was recently synthesized using a 

reproducible method in our group and both the acidic form 

and the salt form of the ligand was synthesized [58].  

 

Figure 3: Number of crystal structure of phosphonic and phosphinic acids 

and their metal complexes 

a. b.  

Figure 4: TGA of m-carboranyl phosphinate (a) in argon and (b) in air. 

The electron-withdrawal by the carboranyl carbon atoms, 

along with the space-filling efficiency and enhanced 

aromaticity of the cluster cage, renders the phosphorus 
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more difficult to oxidize. This enables carboranyl 

phosphinates to survive harsh oxidizing conditions, unlike 

the organic phosphinates. The synthetic procedure is 

depicted in the following Figure 5.  

 

Figure 5: Synthesis procedure of m-carboranyl phosphinic acid and its 

sodium salt. 

Thus, when it was synthesized and available, we decided to 

use it for the QDs. As per literature, we did not find any 

evidence of phosphinic acid being used as capping agent for 

QDs, phosphonic acids [58] have been used but not 

phosphinic acid. The major reasons for using it are listed 

below: 

• Spherical shaped ligands 

• Volume and 3-D ligand 

• Very well soluble in water 

• Chemically stable and robust 

• Completely inorganic ligand 

• Never used in combination with QDs before 
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2. Core-Canopy QDs 

The core-canopy QDs are the new kind of QDs that we 

synthesized using a combination of CdSe core and spherical 

ligand of m-carboranyl phosphinate in a water-based 

synthesis [60]. In these new QDs, we have a standard CdSe 

core which has the spherical m-carboranyl ligand emanating 

out from the core of the CdSe. And acting as canopies 

covering the core. The sphere is connected to the core with 

pillars which are the stalks of the carborane ligand. The 

image below shows the core-canopy QD structure (Figure 

6).  

 

Figure 6: The core-canopy QD having the CdSe core and the m-carboranyl 

phosphinates are the canopies.  

The synthesis of these core-canopy QDs introduced a brand-

new architecture in the field of QDs. Though carboranes 

have been used before with QDs but none have been used to 

create such an architecture.  
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2.1. Concept of the architecture 

The architecture is based on close packing of spheres on a 

sphere. When the close packing is done, there are voids 

which are left and these openings provide for channels 

through which ions can move. The spherical cage of the 

carborane acts the canopy while the stalk of the carborane 

acts as the pillar which joins the core of the CdSe QD with 

the ligand. The gaps formed due to the compact packing 

traps the ions which can move in and out of these openings 

and give rise to distinct properties. The properties are a 

complete consequence of the architecture forms using the 

new spherical ligands on a spherical core. The image below 

shows the spherical ligand in detail (Figure 7).  

 

Figure 7: The figure of the m-carboranyl phosphinate ligand with the 

spherical cage and the pillar or stalk which joins it to the core do the QD. 

The close packing of spherical carborane on spherical QD 

yielded the following structure as seen in the following 

image (Figure 8).  
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Figure 8:  The compact close packing of the spherical ligand on the 

spherical core of the QD. 

This architecture had openings which provided us with an 

opportunity to play with them. Trapping ions within them 

and preventing them from moving out would be interesting 

as it would help us see how the QDs behave when the ions 

are trapped and when the ions move out. For this we would 

need to convert the openings to gates by closing the voids 

partially using something and then opening them. This is 

also had an advantage from the synthetic point of view for 

the QDs. This is further discussed in the next section.  

2.2. Synthesis of the QDs 

Initial attempts were made to produce the Core-Canopy QDs 

with Li[1-S-1,2-closo-C2B10H11], Li[CarbS], or Na[1-S-1,2-

closo-C2B10H11], Na[CarbS], however they were not soluble 

well in water, and when used with the cadmium and 

selenium precursors (CdCl2·2.5H2O and Na2SeSO3 [61]), 

different coloured colloids at different temperatures (25oC, 

70oC, 90oC, 110oC) were formed that failed to produce 

photoluminescence (PL), either from the original aqueous 

solution, or when isolated  and re-dispersed in ethanol or 

toluene (Figure 9). These results led us to use the water 

soluble m-carboranylphosphinate as mentioned earlier, 
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Na[1-OPH(O)-1,7-closo-C2B10H11], Na[CarbOPH(O)], as an 

alternative to the water insoluble Li[CarbS] or Na[CarbS].  

 
Figure 9:  The differently coloured colloids obtained at different 

temperatures with Li[CarbS]. 

 

Early attempts to prepare CdSe@CarbOPH(O): The Cd 

precursor of CdCl2·2.5H2O, and the capping agent 

Na[CarbOPH(O)] along with the Se precursor Na2SeSO3  

were mixed in water at 25oC and it led immediately to a 

white colloid which turned yellow five minutes later. This 

dispersion showed yellow PL but it lasted only for 2 hours. 

No other phenomenon was observed. Initially only the 

capping ligand and the Cd precursor was mixed, then the Se 

precursor was added in one shot to the mixture and stirred 

at room temperature and no nitrogen purging was required. 

 

Incorporation of the synergist cationic surfactant: The 

lifetime of luminescence was very short with the initial 

attempts of synthesizing the core-canopy QDs, so this led us 

to believe that it does need a second layer of capping for 

further stability. Moreover, 1-HOPH(O)-1,7-closo-C2B10H11 

is a strong acid (pKa=1.32) and will expectedly produce the 

QD canopy that could host small anions in their voids and 

channels, so we thought of introducing cationic surfactants 

to compensate the negative charge of QDs and induce 

solubility and more stability. To find the right kind of 

cationic surfactant, four ammonium cationic surfactants 

each with a different number of methyl groups on the 
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nitrogen (from 0 to 3), and different number of carbon 

atoms were tested. They are as listed below:  

• Tetrabutylammonium [N(But)4Me0]+ (17 carbon 

atoms, 17C),  

• Tricaprylylmethylammonium 

[N(Caprylyl)3Me1]+(25C),  

• Dimethyldioctadecylammonium 

[N(Octadecyl)2Me2]+ (38C)  

• Cetyltrimethylammonium [N(Cetyl)Me3]+ (19C). 

The one that gave the best result was 

tricaprylylmethylammonium chloride [N(Caprylyl)3Me1]Cl, 

the one with only one methyl group on N. Not only it helped 

in providing better solubility and stability to the QDs, it gave 

rise to an unprecedented property. We observed that the QD 

suspension, which is highly emissive, quenches in 30-40 

minutes but upon shaking (applying kinetic energy) 

recovers its emissive properties with maximum intensity. 

This phenomenon has not been observed before in anytime 

of QD. It is similar to the blinking of the QDs [62] but it was 

different as it required only mere kinetic energy to recover 

its original fluorescence. We named this property as Kinetic 

Fluorescence Switching (KFS). It will be explained in detail 

in the next section.   

The ratio of reagents used was Cd:Se:[CarbOPH(O)]- 

1.5:1:0.5. The proposed formulation of the generated QDs is 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1], Cl- being the 

anion trapped in between the QDs core and the carborane 

canopy. These [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] 

QDs show the KFS property that is repetitive for at least 6 

months. The last measurement done on the QDs have shown 

a tendency of the fluorescence intensity increasing with the 

passage of time. The photographical and the schematic 
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representation of the synthetic procedure is shown below 

(Figure 10 and 11): 

 

Figure 10:  The photographical depiction of the synthetic procedure. 

 

Figure 11:  The schematic depiction of the synthetic procedure. 

Revisiting the CdSe carboranylthiol synthesis: Noticing the 

KFS in [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs, 

and with the QD’s architecture defined with the capping 

[CarbOPH(O)]-, we considered that if the QDs architecture 

was paramount, the [CdSe@CarbSH]@Cl/[N(Caprylyl)3Me1] 

should also produce the KFS property. The same problem of 

solubility was faced for the synthesis with the 

[CdSe@CarbSH]@Cl/[N(Caprylyl)3Me1]  as indicated before 

but we had a better understanding of the procedure with the 

incorporation of the surfactant, and despite not having the 
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best synthetic procedure yet in our hands, our results are 

very supportive of the compact sphere/pillar/ground 

architecture that is the basis for the Core-Canopy QDs 

concept. To obtain the mercapto carborane capped QD, 

[CdSe@CarbSH]@Cl/[N(Caprylyl)3Me1], we dispersed 

Na[CarbS] in a large excess of [N(Caprylyl)3Me1]Cl in water. 

This was mixed with the other reagents as it was done for 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]. This led us to 

obtain [CdSe@CarbSH]@Cl/[N(Caprylyl)3Me1], however it 

lasted only for a week. This experiment supports the 

particular architecture, compact spheres 

packing/pillars/ground. Their unique ability to utilize space 

and leave openings coupled with the selective permeability 

produces a spectacular combination to produce this Kinetic 

Fluorescence Switching in CdSe Core-Canopy QDs. But their 

lifetime was drastically poor when compared to the other 

synthesized QD. Further work was done to improve the 

lifetime and it lasted for a month but not more than that. 

This is perhaps due to the lack of solubility of the mercapto 

salts of carborane.  

 

3. Kinetic Fluorescence Switching 

(KFS) 

The first property that we have obtained as a result of the 

new architecture designed for the QDs is Kinetic 

Fluorescence Switching (KFS). In KFS the QDs lose their 

fluorescence when aggregated but shine back with 

maximum intensity again after applying mild kinetic energy, 

in 30-40 minutes, fade again but upon shaking (applying 

kinetic energy) recover their emissive properties. This 

sequential process of luminescence, fading, back to 

luminescence, fading and so on, can be continuously run for 
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several months. This process is distinct to the blinking of the 

QDs as mentioned earlier. This property is not similar to the 

AIE or ACQ phenomena in QDs. It has been observed for the 

first time that the QDs can retain their original intensity of 

fluorescence after being applied with kinetic energy. 

Usually, on aggregation the QDs either have a quenching 

effect on their fluorescence or they have an enhancement in 

luminescence, but here on aggregation there is reduction in 

the intensity of the luminescence while again on de 

aggregation the intensity reverts back to its original value. 

This unique property of luminescence, fading and 

luminescence could be switched for numerous number of 

times without any deterioration of the sample quality. The 

property of KFS was observed for up-to 6 months after the 

preparation of the sample and within those 6 months there 

was a change in the emission colour of the QDs. Initially 

when synthesized the QDs emitted bright yellow colour, 

while after 5 months, the colour of emission changed from 

yellow to orange, which is well accounted as we see an 

increase in the size of the QDs. Although the emission colour 

changed, the property was still intact and it still showed the 

KFS. Below there is a pictographic representation of the KFS 

both of an initial sample (Figure 12) and a 5 month old 

sample (Figure 13).  
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Figure 12:  The photographic representation of KFS of an initial sample. QD 

suspension illuminated under UV lamp with 365nm wavelength. 

 

Figure 13:  The photographic representation of KFS of an old sample. QD 

suspension illuminated under UV lamp with 365nm wavelength. 

The intensity of emission increased with passage of time, 

until the QDs started to lose their emissive properties after 
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6 months and thus end up losing the KFS. The decline in the 

emissive properties is quite drastic after 6 months. Below 

the graphs show increase in intensity of the emission for 

four months (Figure 14).  

 

Figure 14:  The increase in the intensity of emission shown with passage 

of time.  

The graphical representation of the KFS is shown below. It 

also shows the KFS for an old and a new sample (Figure 15).  

 

Figure 15:  The graphical representation of KFS for an old sample and a 

new sample is shown above. 
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The KFS property shown by these QDs are a consequence of 

the architecture of the QD. The architecture and the synergy 

of the components used gives rise to this unprecedented 

property of KFS. This is further explained in the next section 

as to how we have achieved the KFS property by 

manipulating the architecture and the capping ligands along 

with the second capping layer.  

 

3.1. Understanding KFS and the architecture 

To understand the KFS better and the architecture we did a 

series of experiments and it led us to the conclusion that 

there needs to be a synergy between the cationic surfactant 

[N(Caprylyl)3Me1] and the spherical capping ligand 

CarbOPH(O). The experimental detail and the 

understanding of the synergist factor is as follows. 

Synergy between the surfactant and the ligand: The 

strategies leading to the  preparation of  the QD 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] indicated that 

a synergy between [CarbOPH(O)]- and the surfactant was 

required: [CarbOPH(O)]-is necessary to produce the 

fluorescence while [N(Caprylyl)3Me1]+ is needed for the 

stabilization of the QDs. To understand better the KFS 

property that is the sequential 

PL…/bright/fade/bright/fade/bright/fade/bright… of the  

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1], we display in 

Figure 16 a set of images that contribute information about 

the fate of the nanoparticles upon the removal or due to the 

absence of some of the reagents. Not only is the KFS an 

unique occurrence in these 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] but also the 

synergy of the carboranes with the cationic surfactant. This 

is the first time that such a synergy has been used to 
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synthesize QDs in water.  These can be chosen to be 

surfactants that will prevent strong particle aggregation. 

Our interpretation is that the KFS observed in the 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs is due to a 

medium strength binding of [CarbOPH(O)]- that requires 

extra available Na[CarbOPH(O)]-   to cap and stabilize the 

surface. The experiments in Figure 16 are supportive of 

Equation (1). 

 

CdSe@[CarbOPH(O)]-m/[Cl-]p/[N(Caprylyl)3Me1]+z  

CdSe@[CarbOPH(O)]-m-n/[Cl-]p-x/ [N(Caprylyl)3Me1]+z-y  +  n 

[CarbOPH(O)]- + x [Cl-] + y [N(Caprylyl)3Me1]+    

Equation 1: It shows the synergy between the cationic surfactant and 

capping ligand is necessary.  

When the supernatant liquid from the initially synthesized 

QDs is removed and only fresh new distilled water is added, 

the equilibrium is shifted to the right. Electron trapping sites 

are then generated on the surface of the QDs producing 

quenching. When the cationic surfactant and its 

corresponding Cl- is added, some PL is observed because the 

equilibrium is shifted to the left. When [CarbOPH(O)]- is 

added the same occurs but it brightens more, that is the 

intensity of the emission observed is higher when compared 

to the intensity observed when only the cationic surfactant 

was added. This is because carboranylphosphinate is 

responsible for the brightening but it is neither sufficient for 

the stability of the QDs nor for the KFS. For this to occur, a 

combination of the cationic surfactant [N(Caprylyl)3Me1]+, 

[Cl]- and [CarbOPH(O)]- is necessary. We interpret that the 

KFS property is derived from the architecture of the Core-

Canopy QDs, in which chloride anions are trapped inside the 

channels thus originating a high load of trapped negative 
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charge that requires outer cations for charge neutralization. 

Because we did utilize cationic surfactants these prevented 

robust aggregation of the particles leading to the 

unprecedented feature Kinetic Fluorescence Switching 

(KFS), related neither to ACQ nor AIE.  

 

 
Figure 16: Starting from a just made sample of 
[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] that incorporates the mother 
liquor (A), the following experiments were made i) the supernatant liquid 
was removed and ii) pure water was added. After shaking of the mixture no 
PL was observed, (B).  Starting from B process i) is done, and iii) 
[N(Caprylyl)3Me1]+ in solution is added; in this case the PL was improved 
but it was poor, due to too much precipitation, (C). Starting from C process 
i) is done, and iv) an aqueous solution of Na[CarbOPH(O)] is added, 
producing an enhanced PL in (D), but it lasted for only few hours. For the 
last experiment, starting from D, process i) is done, and v) an aqueous 
solution both of Na[CarbOPH(O)] and Cl[N(Caprylyl)3Me1] are added which 
regenerated the original properties (A) and (E).  
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The KFS observation came as a result of capping the CdSe 

QDs with [CarbOPH(O)]-. If the close packing of spheres was 

not relevant, and noting that a rotating phenyl moiety 

occupies a comparable volume to a carboranyl group and 

that both phenylphosphinic and carboranylphosphinic acids 

have similar pKa values (1.77 and 1.32, respectively) it could 

be expected that the KFS phenomenon could be also 

observed with phenylphosphinic acid. But this was not the 

case. This is further explained in the section 5.  

It has been already mentioned before that the four 

ammonium cationic surfactants gave different results in the 

terms of the KFS, the best performance has been produced 

by [N(Caprylyl)3Me1]+ with one Me on the N, (the KFS and PL 

was observed for at least 6 months) then  

[N(Octadecyl)2Me2]+, two Me near N, (did show one day PL), 

next was [N(Cetyl)Me3]+ (did show PL for a few hours) and 

the worst performing is [N(But)4Me0]+ with no Me on the N 

(did not show any PL). Although the best performing in 

terms of KFS and PL are these with the highest number of C 

atoms in the molecule, it seems the number of methyl 

groups on the N in the surfactant is preeminent for the KFS.  

Keeping in synergy with the experimentations it can be 

interpreted that [N(Caprylyl)3Me1]+ can fill the spheres’ 

openings with its methyl preventing the Cl-  from leaking in 

a better way than the other surfactant cations. On observing 

the behavioural characteristics it is noted that the number 

of Me groups seems to be of paramount importance in the 

production of KFS rather than the number of  C atoms in the 

alkylammonium surfactants which leads us to hypothesize 

that the surfactant, in this case [N(Caprylyl)3Me1]+, is the 

plug that converts the openings on the canopy into gates. 

The hypothesis is represented in Figure 17. It shows that 

how the spherical ligand acts as the canopy over the core, 

thus producing channels, these channels trap the ions and 
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the opening of the channel is closed by the cationic 

surfactant using the single methyl group. When the opening 

is closed, that is the methyl group of the surfactant is 

plugged in, then we obtain the maximum intensity of the 

emission which is when the QDs are in dispersion. While 

when the QDs start to settle down, the methyl group of the 

surfactants plugs out of the opening created by the spherical 

ligand canopy and the synergy between the ligand and the 

surfactant is lost, as a result the intensity of emission is lost. 

This continuous movement of the surfactant through the 

openings, either closing it or opening it plays the most 

significant role in obtaining the emission intensity.  

 

Figure 17: The pictographic model for the gates created by the core canopy 

quantum dots. The canopy created by the carborane spheres when closely 

packed generate openings which are converted to gates due to the presence 

of the alkyl ammoniums  

The significance of the number of methyl groups is shown in 

the Figure 18. It shows how the increase in the number of 

methyl groups does not allow the other surfactants to close 

the openings, while it is easier to close it having a single 

methyl group. 
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Figure 18: The different cationic surfactants used and the intensity of 
emission shown by them. It had a string dependence on the methyl groups 
of the surfactants used.  
 

 
 
Figure 19: The KFS is a consequence of the architecture and the synergy 
between the surfactants and the spherical capping ligand. 



3.1.1. Core-Canopy Quantum Dots 

 

29 

 

4. Characterizations 
 
This section deals with the characterizations of the QDs. 
They have been characterized using Fluorescence 
spectroscopy (excitation and emission spectra) and UV-vis 
for their luminescent properties, EDX (Energy dispersive X-
ray), Chemical Analysis, IR (Infra-red spectroscopy) and 
Electron diffraction was done for their compositional 
studies. TEM (Transmission electron microscopy) and DLS 
(Dynamic Light Scattering) was done to measure their 
dimensions while Zeta potential was studied for their 
stability studies. The following sub-sections explain the 
characterizations done and the data obtained from them. 
 

4.1. Fluorescence Studies 
 

The fluorescence studies were done using Perkin Elmer 

LS45 fluorimeter and UV-vis spectrum was obtained using 

Cary-5000 UV-NIR Spectrometer.  

UV-vis Study: The UV-Vis spectrum was obtained for the QDs. 

Obtaining was particularly challenging as the QDs in the 

water were a suspension and not a solution and they kept 

precipitating when not applied with kinetic energy. So, 

recording the spectrum for the UV was difficult. Also, to 

obtain the absorbance below 0.1 was difficult for these QDs. 

To obtain the spectrum that is shown in Figure 20, the QDs 

have been diluted further with a solution containing the 

cationic surfactant and the capping ligand. The values 

obtained is around 0.189 and the maximum absorbance 

peak is around 366nm. After the UV-vis studies were done, 

the excitation and the emission spectra were recorded.  
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Figure 20: The UV-vis absorbance spectroscopy of the 
CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs. It shows a maximum 
absorbance at 366nm.  
 

Excitation and Emission Study: The excitation spectrum 
shows two peaks, one at 366nm and the other at the 400nm. 
The 366nm wavelength was chosen for the emissive studies. 
The excitation spectrum is shown below (Figure 21). 

 
Figure 21: The excitation spectroscopy of the 
CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs. It shows two peaks.  
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The emission spectra were recorded using 366nm 
wavelength as the excitation wavelength after the UV-vis 
spectroscopy, then the emission peak was used to obtain the 
excitation spectrum. The emission spectra were obtained 
for the samples with a time period. After recording the initial 
spectrum, every 4 minutes a new spectrum was recorded 
and every new emission spectrum of the sample had lesser 
intensity than the previous spectrum recorded. A total of 30 
readings were taken over a period of 2 hours to obtain the 
emission spectrum for a particular sample. This was done 
for all the sample immediate after synthesis and then at the 
end of every month to quantify the KFS. The graphs for the 
emission are as follows. 
  
 
 

 

 

 

 

 
Figure 22: The emission spectroscopy of the 
CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs. Left: fresh sample, right: 
1-month old sample. 
 
 
 
 
 
 

 

 

 

Figure 23: The emission spectroscopy of the CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs. Left: 2 months old sample, right: 3 months old 

sample. 
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Figure 24: The emission spectroscopy of the CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs. Left: 4 months old sample, right: 5 months old 

sample. 

The initial samples show 2 emission peaks but as they age 

the peaks are shifted more towards the right and become a 

single peak. The initial presence of two peaks is due to the 

presence of two differently sized particles possibly. The 

smaller ones are more in number initially and dominate the 

luminescence colour and therefore the initial luminescence 

is yellow and the peak appears around 530nm. But as the 

QDs age the wavelength of emission red-shifts and is closer 

to 560nm. As the particles grow in size the emission colour 

also changes from yellow to orange and therefore there is a 

change in the emission wavelength. The second peak on the 

left disappears and there is a single peak remaining, which 

tells us that only QDs of a single size are present currently in 

the dispersion. This is also the reason probably for the 

increase in the intensity of emission as all the QDs are of a 

single size and they all emit the same colour,  the intensity is 

not divided in different wavelengths as before and thus it 

increases with the passage of time. The change in the 

wavelength of emission is depicted below along with the 

change of emission from 2 peaks to 1 peak. 
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Figure 25: The change in the wavelength of emission of the 

CdSe@CarbOPH(O)] @Cl/[N(Caprylyl)3Me1] QDs. Initial samples have 2 

peaks of emission due to two differently sized QDs but with time as the QDs 

grow in size and it becomes more uniform we obtain a single emission peak.  

From the different emission graphs of the QDs, to represent 

the KFS we plotted the intensities of the emission over time. 

The 30 different maximums of emission spectra obtained 

periodically was plotted against time and 3 such cycles were 

done for an initial sample and the samples after every 

month. The initial samples showed lower intensity but had 

a wider plateau because they took more time to settle down 

and lose their intensity. The degradation against time was 

slower as the QDs due to their smaller size were better 

dispersed in the solvent. But with passage of time, the QDs 

grew in size and were considerably little less stable in the 

suspension and therefore they settled down quicker giving 

narrower plateaus, but they were of higher intensity. 

Interestingly though, when the area of these graphs was 

compared, it was seen that the area remained constant for a 

new and old sample, thereby proving that the number of 

photons is preserved.  
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Figure 25: The graphical representation of KFS of the CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs for the 1st 3 months.  

  

Figure 26: The graphical representation of KFS of the CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs for the 4th and 5th months.  

The graph shown after this shows us the difference in the 

plateaus of the initial and the older samples.  
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Figure 27: The graphical representation of KFS of the CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs for the 1st and 5th months. The plateaus for the 

1st month are broader than the 5th month one but the area remains constant 

so the number of photons is preserved.  

4.2. TEM, DLS and Size 

Transmission electron microscopy (TEM) studies were 

carried out using JEOL JEM 1210 at 120 kV. TEM samples 

were made by dropping a drop of carboranyl capped CdSe 

suspension onto the carbon coated copper grids. Dynamic 

Light Scattering (DLS) measurements were carried out in 

the Zetasizer Nano ZS (DLS light source used was He-Ne 

Laser, 633nm, Max 4mW, back scattering angle used was 

173o). ImageJ software was used for measuring the particles. 

TEM Study: The TEM showed spherical QDs. The size from 

the TEM was estimated using the Gaussian graphs. A total of 

250 QDs were manually measured and then the Gaussian 

size graphs were plotted and their mean size was obtained. 

It is shown in Figure 28 and 29. 



3.1.1. Core-Canopy Quantum Dots 

 

36 

 

 

Figure 28: The TEM images and the gaussian size graphs of the 

CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QDs after (a) 1 week, (b) after 

2 weeks.  

Figure 29: The TEM images and the gaussian size graphs of the 

CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QDs after (a) 1 week, (b) after 

2 weeks.  
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DLS Study: The size of the particles was also measured with 

DLS and it showed slight differences in size distribution for 

the first few weeks, though the major difference in size with 

respect to the TEM was in the sample which was nearly six 

months old. This is because the measurement in TEM is done 

by evaporating the solvent on the grid which causes the 

particles to aggregate, while the measurement of DLS is 

done while the particles are in suspension so they are not 

aggregated and therefore the dimensions of the QDs still fall 

within the quantum confinement values. The Figure 30 

shows the DLS measurements vis Intensity and Volume 

both. After that there is a table which summarise the sizes 

obtained with both TEM and DLS. 

 

Figure 30: The DLS graphs of the 

CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs after (a) Intensity 

measurement by DLS (b) Volume measurement by DLS. 

QDs  QDs Size by TEM QDs Size by DLS 

1 week old QD 2.57nm 1.65nm 

2 weeks old QD 3.94nm 1.96nm 

3 weeks old QD 4.21nm 3.28nm 

4 weeks old QD 4.9nm 3.86nm 

20 weeks old QD 30.6nm 13.96nm 

Table 3: The sizes by DLS and TEM for CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs. 
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4.3. Chemical Composition Studies 

Infrared Spectrum (IR) studies were done using the Perkin 

Elmer Spectrum One FT-IR machine. Energy Dispersive X-

ray Spectroscopy (EDX) analysis was done using the 

QUANTA FEI 200 FEG-ESEM device and the sample was 

analyzed on the TEM grids. Organic Elemental Analysis was 

carried out in Flash EA 2000 CHNS, Thermo Fischer 

Scientific and EA 3010 EuroVector. 

 

IR Study: The presence of both [N(Caprylyl)3Me1]+ and 

[CarbOPH(O)]- in QDs is visible in IR spectrum through 

inspection of the B-H and C-H stretching bands in the old and 

as well as the new samples. The IR of the QDs are compared 

with the IR of the ligand and we can clearly see the B-H 

stretching at the same position for the ligand and the QD.  

 

Figure 31: IR Spectrum of [CdSe@CarbOPH(O)] @Cl/[N(Caprylyl)3Me1]  

after 1 month(blue) and after 5 months(red). It shows the B-H bond 

stretching from Carboranyl Phosphinate and the C-H bond stretching from 

the numerous C-H groups present in the Alkyl Ammonium. 
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Figure 32: IR Spectrum of [CdSe@CarbOPH(O)] @Cl/[N(Caprylyl)3Me1] 

after 1 month(blue) and the Phosphinic ligand(green). The IR of the sample 

shows the B-H bond stretching from Carboranyl Phosphinate which 

corresponds to the B-H stretching from the ligand. The C-H bond stretching 

from the numerous C-H groups present in the Alkyl Ammonium is also seen 

in the sample.  

EDX and Chemical Analysis: Common CdSe quantum dots 

have excess cadmium on the surface, thus they need anionic 

species to compensate the charge. This is also what happens 

with [CdSe@CarbOPH(O)] @Cl/[N(Caprylyl)3Me1] QDs. The 

EDX study of the heavy elements composition (Figure 33 

and 34) along with the elemental analysis (EA, Table 4 and 

5) indicates that a young sample, up to three months old, has 

a composition 

[Cd8Se6@(CarbOPH(O))4]@[Cl]2.5/[N(Caprylyl)3Me1]2.5, 

whereas the one nearly six months old has the composition 

[Cd7Se6@(CarbOPH(O))4]@[Cl]1/[N(Caprylyl)3Me1]3. The 

results of the EDX and EA match very well with these 

compositions. Basically the Se, [CarbOPH(O)]- and 

[N(Caprylyl)3Me1]+, remain unaltered while there is a 

decrease in Cd that is probably lost as CdCl2.  

2590 
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Figure 33: Energy dispersive X-ray (EDX) of the 
[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QD after 3 months. It shows 
the presence of Cadmium, Selenium and Phosphorus and their percentage 
of presence in the QD at that time. The formula obtained is 
[Cd8Se6@(CarbOPH(O))4]@[Cl]2.5/[N(Caprylyl)3Me1]2.5 

 

 

Figure 34: EDX of the [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QD 
after 5 months. It shows the presence of Cadmium, Selenium and 
Phosphorus and their percentage of presence in the QD at that time. The 
formula obtained is [Cd7Se6@(CarbOPH(O))4]@[Cl]1/[N(Caprylyl)3Me1]3 
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Table 4: The Elemental Chemical Analysis studies show the percentage of 
Carbon, Nitrogen and Hydrogen present in the sample. It corresponds with 
the estimated value obtained from the EDX studies of a sample 3 months 
old and the formula derived from it. 

 

Table 5: The Elemental Chemical Analysis studies show the percentage of 

Carbon, Nitrogen and Hydrogen present in the sample. It corresponds with 

the estimated value obtained from the EDX studies of a sample 6 months 

old and the formula derived from it. 

Electron Diffraction Studies:  The electron diffraction studies 

were done for the core-canopy QDs. The diffraction patterns 

were quite amorphous for the samples and the rings were 

quite faint. They were analysed using Gatan and the (hkl) 

indices were studied for CdSe. It was determined that the 

QDs had the hexagonal wurtzite crystalline phase of CdSe. 

The patterns were studied on TEM copper grids. It was done 

Sample % C % N % H 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (3 months old-Analysis1) 

 

 
27.3 % 

 
1.1% 

 
5.5 % 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (3 months old-Analysis2) 

 

 
25.34% 

 
1.01 % 

 
5.28 % 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (3 months old-Analysis Average) 

 

 
26.32% 

 
1.055 % 

 
5.39 % 

Sample % C % N % H 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (6 months old-Analysis1) 

 

 
28.62% 

 
1.11% 

 
5.72 % 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (6 months old-Analysis2) 

 

 
30.5% 

 
1.16 % 

 
4.59 % 

CdSe@CarbPH(O)O/[N(Caprylyl)3Me1] 
QDs (6 months old-Analysis Average) 

 

 
29.56% 

 
1.135 % 

 
5.155 % 
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for both old and new samples and all the samples showed 

hexagonal phase of CdSe. 

 

Figure 35: Electron Diffraction of the 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs after different time 

periods. All confirm the presence of CdSe in its hexagonal structure. (a) 

Electron Diffraction of [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QD 

after 1 month (b) Electron Diffraction of 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QD after 3 months (c) 

Electron Diffraction of [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QD 

after 5 months. 

 

4.4. Zeta Potential Studies 

Zeta Potential was measured using the Zetasizer Nano ZS. 

Zeta-Potential is a technique which helps us determine the 

stability of a colloidal system. Zeta-potential as defined is the 

potential difference between the slipping plane in the 

electronic double layer and the bulk potential. The values of 

zeta-potential when above +30 means that the particles are 

electrostatically stable. Although in colloidal system the 

stability of the particles is dependent on electrostatic and 

steric repulsion, zeta potential can still be considered as a 

good indication of the stability of the particles in the 

dispersing media. The Zeta Potential was measured of the 

samples and the value obtained was around  -44mV on 

average over different time periods of time, thus indicating 

that the suspension is stable. It was measured for a new 

sample and the aging samples. It showed that while the 

particles remained in the suspension state, they were quite 
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stable. Zeta Potential was measured using the 

electrophoretic light scattering principle.  

 

Figure 36: Zeta Potential values of the 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  QDs after being freshly made, 

after 3 months and after 6 months. 

5. Comparisons  

The [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] QDs were 

compared further with the QDs prepared with Phenyl 

phosphinate in order to see the relevance of the spherical 

ligands. The phenyl moiety is 2-D compared to the 

carborane cluster which is 3-D and it does not produce close 

packing like the carborane ligand yet having similar size. So 

we wanted to check how it fared with regard to the 

CarbPhos. Also, comparison was done with QDs synthesized 

with the usual capping of mercaptoacetic acid (MAA) in 

water.  
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5.1. Comparison with Phenyl Phosphinate 

If the close packing of spheres was not relevant, then a 

rotating phenyl moiety occupying a comparable volume to a 

carboranyl group, and the fact 

that both Phenylphosphinic and 

Carboranylphosphinic have 

comparable pKa values (1.77 and 

1.32, respectively) it could be 

expected that the KFS 

phenomenon could be also 

observed with phenylphosphinic 

acid. But this was not the case as has been stated before. The 

resulting CdSe QDs done with phenylphosphinic acid 

(CdSe@PhenPhos) precisely with the same ratio of reagents 

and temperature conditions did not show the KFS 

properties, although they were brightening for about one 

day after their synthesis but with much less intensity than 

the corresponding carboranyl ones. This experiment is 

reminiscent of the CdSe QDs with only CarbOPH(O)- in 

Figure 16 from C to D. The P:Cd:Se ratio obtained from EDX 

that is 2:12:7 is extremely enlightening for the 

CdSe@PhenPhos QD for which the load of phosphinic acid 

has dropped (vs. Cd) from ½ in [CarbOPH(O)]- QDs to 1/6 in 

the PhenylPhosphinic acid QDs. Further the 2:12:7 ratio in 

the CdSe@PhenPhos QDs produces an imbalance of charges, 

24+ for Cd and 16- for Se and phosphinic acid; this imbalance 

of positive charges along with the absence of voids in which 

to trap Cl- does not make the participation of cationic 

surfactants any easier from the perspective of the KFS as 

they would add even more positive charges. Moreover, the 

intensity of luminescence of the QDs with PhenPhos were 

quite low.  
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Figure 37: Comparison of the [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  

QDs with [CdSe@PhenPhos] @Cl/[N(Caprylyl)3Me1. 

The comparison with the 2-D Phenyl moiety helps us to 

further consolidate that the spherical ligands are needed to 

obtain the KFS property and highly intense QDs.  

 

5.2. Comparison with MercaptoAcetic Acid 

The QDs synthesized in water with Mercaptoacetic Acid 

(MAA) or Mercaptopropionic Acid (3-MPA) do not show any 

such remarkable property as KFS. Not only that, the 

intensity obtained from the 

[CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1]  is also nearly 

100 times more than the MAA capped CdSe with respect to 

the arbitrary units of the fluorometer. These core-canopy 

QDs have a much higher brightness and also do not require 

extra nitrogen purging and can be stored under normal 

conditions for up-to 6 months. 
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Figure 38: Comparison of the [CdSe@CarbOPH(O)] 

@Cl/[N(Caprylyl)3Me1] QDs with [CdSe@MAA]. The core-canopy QDs are 

100 times more intense than the normal CdSe QDs produced in water.  

 

6. Study with other anions 

As established earlier that the KFS property was obtained 

due to the trapping of the Cl- inside the voids created by 

CarbPhos and the synergy between the [N(Caprylyl)3Me1 

and CarbPhos, we wanted to carry out a further study 

regarding the trapping of other anions in the voids. A total 

of 10 anions were used to test and see how they affect these 

QDs. The anions used are listed below: 

SO42-, SO32-, NO3-, NO2-, CH3COO-, Zn(CH3COO)2, I-, Br-, ClO4- 

and ClO3-. 

Out of all these anions, Zn(CH3COO)2 is a neutral complex. It 

was used to see how it affects the properties of the QDs. For 

these tests, [CdSe@CarbOPH(O)]@Cl/[N(Caprylyl)3Me1] 

was synthesized as it is, only during the initial step while 
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adding the Cd precursor along with CarbPhos, the salts of 

the respective anions were added three times the amount of 

the Cd precursor and stirred in water. After that Se 

precursor was added and then the surfactant was added and 

the fluorescence tests were done. This is still just a 

preliminary study and more work has to be done on this. But 

from the initial studies done so far, we have the following 

results. Out of all the cations, SO42-, SO32-, NO3-, NO2- show 

good fluorescence (yellow emission), for a couple of months 

and they also shift the fluorescence spectra towards the left, 

that is there is some blue shift in the spectra and they show 

mild green emission after a month. While CH3COO-, 

Zn(CH3COO)2 show good fluorescence too, but last only a 

month. Zn(CH3COO)2 trapped QDs have good intensity, 

which is comparable to almost the intensity of the original 

core-canopy QDs. I-, Br- trapped QDs show mild fluorescence 

emission and do not last more than a few hours. Finally, ClO4- 

and ClO3- trapped QDs show no fluorescence at all.  The 

anions SO42-, SO32-, NO3-, NO2-, CH3COO- trapped QDs and the 

Zn(CH3COO)2 trapped QD, all showed KFS while they 

possessed their emissive properties. The table below 

summarizes the result obtained.  

Anions Used Fluorescence Results 
SO42- It shows KFS for 2 months 
SO3

2- It shows KFS for 2 months 
NO3- It shows KFS for 3 months 
NO2

- It shows KFS for 3 months 
CH3COO-         It shows KFS for 28 days 

Zn(CH3COO)2         It shows KFS for 25 days 
I- Mild fluorescence for few hours 

Br- Mild fluorescence for few hours 
ClO4

- Doesn’t show fluorescence 
ClO3

- Doesn’t show fluorescence 
Table 6: The different anions used for the study of trapping them in the 

voids of the core-canopy QDs in order to see changes in their properties.  

The fluorescence emission spectrum given below shows the 

emission spectrum obtained from the different QDs having 

different anions trapped in their voids and how the various 
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spectra vary from the spectrum of the original core-canopy 

QD.  

 

Figure 39: The emission spectra of the different anions used for the study 

of trapping them in the voids of the core-canopy QDs in order to see changes 

in their emissive properties.  

None of these QDs could maintain the lifetime of the initial 

core-canopy QDs. All of them need to be further studied and 

analysed chemically in the future to truly understand how 

to obtain further changes in the properties of these core-

canopy QDs and also how to obtain newer properties in 

them.  
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7. Conclusions 

By combining CdSe QDs with hollow spheres 

(carboranylphosphinate ligands) in the particular 

architecture compact spheres packing/pillars/ground, and 

tricaprylylmethylammonium to compensate the excess of 

negative charges, partly created by the trapped Cl- in 

generated channels, a synergism is created that produces 

the unprecedented Kinetic Fluorescence Switching (KFS). 

The physical observation is that the material shines brightly 

then loses its brightness; by the mild application of kinetic 

energy it shines back to the maximum power, and this 

process continues for an extended period of time, up to half 

a year at least.  The phenomenon is basically structural due 

to a particular architecture. The spherical carboranyl 

entities are arranged either in a square or hexagonal close 

packing to produce maximum coverage of the CdSe surface 

leaving openings and generating voids/channels that trap 

anions, in this case Cl-, that increase the negative charge of 

the core-canopy QDs. Through the openings the methyl 

groups from alkylammonium surfactants can be appended. 

The surfactant, in this case [N(Caprylyl)3Me1]+, is the plug 

that converts the openings into gates.  

The KFS property is the result of a core canopy QDs 

architecture and the adequate choice of the targeted 

property ingredients, in this case Cl- and cationic 

surfactants. We are working on discovering new properties 

by keeping the same architecture and choosing the 

addressed property new components. This work has been 

published in Advanced Materials. [63] 
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3. Results and 
Discussions Part 1  

  

3.1.2. Next Stage 
in Aqueous 
Synthesis of 
Quantum Dots 
QDs of CdSe have been produced with high 

yield and showing high QY using common 

reagents in water at 150oC using ace 

pressure tubes. Their size and emission can 

be controlled similarly to the 

organometallic method of synthesizing QDs 

and can be stored dry very easily. The 

prepared QDs have shown the same intense 

emission for over a year after being 

synthesized. 
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1. Introduction 

Quantum Dots (QDs) have already been introduced in the 

thesis. It has also been previously explained that QDs differ 

by composition of the elements and the choice of solvent in 

which they are produced. As seen in the previous chapter, 

that we have concentrated ourselves with the aqueous 

method due to its numerous advantages. In-spite of the 

number of advantages, the aqueous method does possess a 

lot of disadvantages. We were successful in producing 

highly luminescent QDs with a new architecture using 

carborane ligands, but on being able to obtain that and have 

gained some experience in this field, we wanted to try to 

synthesize QDs in water using common reagents with 

improved properties.  Carborane capped QDs, though 

provided us with a new architecture which could pave the 

way for us to obtain new properties using that architecture, 

are expensive for the common applications of the QDs in 

today’s world. The recent problems of QDs in water are 

primarily its low quantum yield (QY) [1] and the precise 

tuning of its size in order to obtain different luminescence 

colours [2]. Though there are few examples where people 

have tried new methods, new precursors and size selection 

processes like in organometallic method of synthesising 

them [3], there has been less success so far and the research 

still demands considerable attention. This motivated us to 

work towards this particular problem of devising a water 

based synthetic route to obtain QDs with different 

luminescent colours and a higher QY. The next section 

describes what improvements we have been able to make 

using a new method of synthesis. The aqueous synthesis 

procedure used by us helps to improve certain aspects of 

the QD properties even though using the common reagents 

used for water based synthetic route. 
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1.1. Aqueous vs Organometallic vs Our 

Method 

We have been able to design a new synthetic procedure for 
CdSe QDs in water producing a high throughput, emitting 
intense fluorescence and possessing a high QY of almost 
80% by using simple glass pressure tubes at an easily 
achievable high temperature. The method uses the most 
common precursors needed for the synthesis of CdSe QDs 
in water and by changing the temperature and synthetic 
vessel commonly used we obtain QDs which are extremely 
intense when compared to other CdSe QDs synthesized in 
water and they also give us a higher yield. They can be easily 
isolated in solid form and dispersed in ethanol, toluene or 
remain suspended in water and they can also preserve their 
fluorescence for more than a year in the suspended state. 
This procedure leads the way for a QD synthesis in water 
which can match the fluorescence emission properties of 
those QDs which are produced in an organometallic 
synthesis. It is also able to synthesize QDs in water emitting 
different colors of emission by changing the time duration 
of the synthesis. The synthesis opens a new avenue in the 
synthesis of QDs in water with varying colors of emission, 
along with an enviably high quantum yield and high yield of 
QDs in powdered form and long durability in terms of the 
fluorescence emission. The Table 1 below summarizes the 
attributes between the standard aqueous method and our 
aqueous synthetic route vs the organometallic route of 
synthesizing QDs. It shows the advantages of the 
organometallic method vs the standard aqueous method 
and the fact that our improved synthetic method helps to 
produce QDs combining the advantages of both the 
organometallic method and the aqueous method. It imbibes 
the size selectivity, broad fluorescing range of colors from 
the organometallic synthesis while preserving the low cost, 
environmental-friendly and easy separability aspect of the 
aqueous synthetic route.  
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Organic Synthesis Commonly used 
Aqueous Synthesis 

Our New Method of 
Aqueous Synthesis 

High Quantum Yield 
(QY) (up-to 85% for 
CdSe and 65% for 
CdTe) [2,4,5] 

Lower QY 
(up-to 4.1% using SeO2 
as precursor for CdSe) 
[1] 

High QY (up-to 80%) 

Wide range of colours 
(from blue to red) 

Smaller range of 
colours 
(usually individual 
colours or yellow and 
orange emission) 

Good range of colours 
(from green to red) 

Better control over 
size [2,4,5] 

Less control over size Better control over 
size than previous 
aqueous syntheses 

Use of extremely high 
temperatures (above 
200oC used) [2] 

Room temperature or 
Lower temperatures of 
100oC used [6] 

Moderately high 
temperatures used 
(150oC) 

Longer lifetime with 
less decay in emissive 
properties 

Shorter lifetime with 
rapid decay in emissive 
properties 

Longer lifetime with 
very less degradation 
in emissive properties 

Hard to isolate in 
powdered form 

Easy isolation in 
powdered form [2] 

Easy isolation in 
powdered form and in 
large quantities 

Toxic solvent, 
difficult to dispose or 
remove 

Green solvent and 
environmentally 
friendly 

Green solvent and 
environmentally 
friendly 

Difficult to use them 
in medical 
applications as it 
requires 
cumbersome ligand 
exchange reactions to 
make them water 
soluble [2] 

Can be easily used in 
medical applications 
but lack the intense 
emissive properties of 
organically synthesized 
QDs [2] 

Can be easily used in 
medical applications 
and possesses the 
intense emissive 
properties of the 
organically 
synthesized QDs 

Quicker reaction time 
[2] 

Sometimes the 
reactions are slower 
and longer taking up to 
days for the synthesis of 
QDs 

Quicker reaction time 

Table 1:  Summary of the properties of QDs from different methods. 
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1.2. Commonly Used Ligands and Synthetic 
routes 

 
 
The QDs can be synthesized in many ways but the colloidal 
synthetic route remains the primary method for this 
because it is the most facile and easy way to produce QDs in 
large quantities. [7] Among the many different combinations 
of elements used for the synthesis of these semiconductor 
nanocrystals, CdSe nanocrystals continue to be the most 
investigated QD till date. The continued interest in CdSe 
originates from its easy synthetic procedure and the 
allowance of an exceptional degree of control in the size and 
shape of the QDs to be produced. [8-10] The colloidal method 
is preferred for its easy reproducibility and by changing the 
solvent and the ligands during the synthesis, the size and 
the properties can be easily manipulated. There are many 
different types of colloidal methods used to synthesize QDs 
for the last two decades. It started initially with arrested 
precipitation synthesis process. In this, dilute solutions in 
water based medium with low heat or almost no heat was 
used. The method was highly crude and gave samples which 
were not crystalline and had poor properties and could not 
be scaled up easily either. After, this came the method of 
decomposing metal-organic salts or organometallic 
precursors in hot coordinating solvents. This method of 
organometallic synthesis using hot-injection method 
became very popular and used tri-n-octylphosphine (TOP) 
commonly for passivating the surface and also as solvent. 
This method typically uses high temperature (above 
200oC), but it has a major problem of isolating the QDs. It 
can be done by centrifugation and by adding non solvents 
like methanol or ethanol to precipitate the QDs, but the 
obtained quantity is less and yield is very poor. It also does 
not produce very biocompatible QDs. So aqueous method 
was explored. It tried to follow the same decomposition of 
metal salts in water. These used mild temperature and 
conditions. These QDs could not match the properties 
obtained with the previous organometallic synthesis. Due 
to this a lot of research went into obtaining new synthetic 
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routes using new precursors and also using microwaves or 
autoclaves for synthesizing QDs. This is still an ongoing field 
of research and improvements are still being made every 
day and QDs with better properties are being made. But in 
all of this, the requirement for finding a purely water-based 
method without the use of external instruments like 
autoclaves or microwaves remains crucial and we tried to 
contribute to wards this problem with the method we have 
designed. The tables 2 and 3 below show some examples of 
all the different ligands and methods which have been 
predominantly used to prepare CdSe QDs of different kinds.  
 

QD 
Type 

Synthesis 
method 

Solvent Capping 
Ligand 

Reference 

CdS Arrested 
precipitati

on 

Acetonitr
ile or 
water 

Styrene/mal
eic anhydride 

copolymer 

Rossetti et al. 
[3] 

CdS Arrested 
precipitati

on 

Water Thiophenol Noglik & Pietro 

[11] 

CdS Arrested 
precipitati

on 

Water Uncapped/St
abilized 

Ladizhansky et 
al. [12] 

CdSe, 
CdSe/Cd

S, 
CdS/CdS

e 

Arrested 
precipitati

on 

Water (NaPO3)6 Tian et al. [13] 

CdS Organome
tallic 

Synthesis 

TOPO, 1-
Octadece

ne 

TOPO, 
pyridines, 

4-picolene, 
tris(2-

ethylhexyl)p
hosphate, 4-

trifluorometh
yl(thiophenol

)  

Kuno et al. [14] 

Murray et al. 
[15] 

Ludolph et al. 
[16] 

CdSe Organome
tallic 

Synthesis 

TOPO, TOP, 
1-

Octadecene, 
Hexylphosp
honic acid 

(HPA) 

TOPO, 
Oleic acid, 

n-
tributylph

osphine 
(TBP) 

Murray et al. 
[15] 

Ludolph et al. 
[16] 

Ubani et al. [17] 

Bowen Katari 
et al. [18] 

Table 2: QDs synthesized using different ligands and methods  
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QD 
Type 

Synthesis 
method 

Solvent Capping 
Ligand 

Reference 

CdS Microwav
e 

N, N, 
dimethylf
ormamid

e 

Thiourea Wada et al. [19] 

CdSe Microwav
e 

Water Common 
thiols, 

ethylene 
glycol 

Grisaru et al. 
[20] 

CdS Langmuir 
Blodgett  

Aqueous 
solutions 

of 
precursor

s used 

Poly (maleic 
anhydride) 

Peng et al. [21] 

CdSe Langmuir 
Blodgett 

Aqueous 
solutions 

of 
precursor

s used 

Arachidic 
acid 

Facci et al. [22] 

CdSe Langmuir 
Blodgett 

Aqueous 
solutions 

of 
precursor

s used 

16-8 diynoic 
acid 

Scoberg et al. 
[23] 

CdSe Autoclave Water 3-MPA Li et al. [24] 

Table 3: QDs synthesized using different ligands and methods. 
 

As seen in the above-mentioned tables 2 and 3 that various 
methods have been used to synthesize QDs in water and 
other solvents and at different temperatures to get 
improved luminescent properties and higher yield. But all 
the processes have one or the other issues. In order to 
minimize the majority of the problems faced by the 
synthetic routes of obtaining QDs and to enhance the 
properties possessed by these synthesized QDs, we used 
ace-pressure tube synthesis which is described in the next 
section. 
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2. Ace-Pressure Tube Synthesis 
 
The ace-pressure tube synthesis was designed by our group 
to synthesize QDs in water at a moderately high 
temperature and high pressure in glass tubes with screw 
caps. These glass tubes are called the ace-pressure tubes. 
These ace-pressure tubes were bought from Sigma Aldrich 
and they have o-rings and screw caps. This synthesis uses 
high pressure to increase the boiling temperature of water 
like in autoclave but takes shorter time frame than requires 
in usually autoclave based synthesis of QDs in water. The 
Figure 1 below shows the setup comparison between the 
traditionally used organometallic synthesis versus 
traditionally used water synthesis at 100oC and our 
synthesis using these pressure tubes.  
 

 
Figure 1: The traditional setup and approach used to synthesize QDs in (a) 
in organometallic synthesis, (b) in aqueous synthesis and the new setup 
and approach used by us (c) in aqueous synthesis using glass pressure 
tubes. 
 

The synthesis procedure is as follows. Two separate 
solutions of CdCl2.2.5H2O (Cd precursor) and SeO2 (Se 
precursor) were prepared in distilled water and stirred for 
10 minutes till they formed clear solutions. Everything in 
this procedure is done in normal conditions, N2 atmosphere 
is not necessary. The Cd solution was then transferred to a 
Sigma Aldrich Ace pressure tube. The tube was inserted in 
a sand bath well insulated with cork. The sand bath had 
been covered with a cork sheet on the outer walls and the 
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top of the bath had been covered with a cork sheet with 
holes to insert the tubes in them. Then, when the tube with 
the Cd solution was started to being heated, 0.2 ml of 
Mercaptopropionic acid (3-MPA) was added to the Cd 
solution followed by the addition of NH4OH to maintain the 
pH around 11. Mercaptoacetic acid (MAA) can also be used 
as the capping ligand and using different Cd precursors but 
keeping the same Se precursor. Afterwards, when the 
temperature had reached 80oC, the Se precursor was added 
into the tube. Then, the tube was closed and heated up to 
150oC. It was maintained at this temperature for 30 
minutes. The reaction was also carried out for other time 
durations of 60 minutes and 90 minutes.  After that the tube 
was pulled out of the sand bath and left to cool down to 
room temperature. It was normally quenched at room 
temperature with normal cool tap water. The water 
solution was yellow in color after 30 minutes which is 
Sample 1, the one after 60 minutes was mostly orange in 
color which is Sample 2. The final sample was obtained after 
90 minutes and it was a red colloid which is the Sample 3.  
The solutions were then centrifuged for 30 minutes at 
6000rpm and colored precipitates were obtained. The 
precipitates were further washed with water twice and 
then they were left for drying in vacuum and dispersed in 
ethanol, toluene or fresh water. The suspension showed 
bright green fluorescence for Sample 1, yellow fluorescence 
for Sample 2 and orange for Sample 3 and all had QDs in 
them. The samples were then characterized using the 
various techniques. This method helped us to obtain QDs 
having the properties similar to the QDs produced using 
organic hot-injection method using a simple aqueous 
method. The setup is shown in Figure 1(c). 
This method of synthesis was designed to use the water-
based system at a high temperature and for short durations 
to obtain QDs of different dimensions and emitting different 
colors based on their dimensions. 
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2.1. Understanding the Synthesis 
 
 
Liquid boils at that particular temperature when the vapor 
pressure of the liquid is equal to the pressure of the gas 
above it. When the pressure is lower, lower energy is 
required to boil the liquid, that is less heat or less 
temperature. On the contrary, if the pressure increases, or 
higher the pressure, higher temperature is required to boil 
the liquid, that is more heat or temperature is needed for 
the liquid to start boiling. Using this dependence of boiling 
point on pressure for solvents, this reaction was designed. 
That is why we used the high-pressure ace tubes for the 
reaction. The pressure of the reaction vessel increased 
autogenously inside the tubes, increasing the boiling 
temperature of the water inside the reaction mixture so the 
reaction could be done at temperature above 100ºC.  The 
boiling point of both the solvent and the capping ligand is 
100oC but in this case they are trapped inside a high- 
pressure system and thus their boiling point has increased 
and moreover even if they did vaporise, the gaseous phase 
will not be able to escape the reaction vessel as it is screwed 
tightly. Neither gas nor volatile component of the reaction 
mixture can leave the reaction vessel because it is closed. 
The same concept applies to 3-MPA that equilibrates 
between the gas phase and the liquid. Thus 3-MPA can 
stabilize CdSe because it is in the water as well as it may be 
in the gas. All this explains why we mention that this 
synthesis technique presents a new way of synthesizing 
QDs in water at a higher temperature by using these high-
pressure ace tubes. Also, the different reaction times yields 
different sizes of the QDs. This is similar to the high 
temperature organometallic synthesis. Following the idea 
from that, we removed the samples at different time 
intervals from the sand bath and quenched them using 
water. This quenched the reaction and stops the QDs from 
growing and thus prevents the size from increasing. By 
keeping the reaction vessel longer at the high-temperature 
the QDs were given more time to increase in size, thus the 
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latter samples were larger in size compared to the previous 
samples. There have been cases in which the sample in 
water done at 100oC under reflux has been removed from 
the heating at different time intervals but they were not 
quenched immediately and thus the size of the 
nanoparticles were not so well controlled leading to the 
presence of differently sized particles together.  
This synthetic route helps in easy isolation process too like 
in most aqueous solution methods by simple centrifugation 
of the colloid. The precipitate is washed and re-dispersed 
easily in fresh new water or ethanol or toluene. The 
precipitate can also easily be stored in solid form in bottles 
and can used whenever necessary. The yield produced by 
this method is high and almost 90% yield is obtained. The 
method accounts for high-throughput in the production of 
QDs. 
 

3. Characterization 
 
The QDs synthesized were thoroughly characterized using 

the different techniques. Photoluminescence (PL) emission 

and excitation spectra were measured in Perkin Elmer LS45 

fluorimeter. Transmission electron microscopy (TEM) 

studies were carried out using JEOL JEM 1210 at 120 kV. 

TEM samples were made by dropping a drop of CdSe 

suspension onto the carbon coated copper grids. Electron 

diffraction studies were done in the same machine. 

International Centre for Diffraction Data was used to check 

the electron diffraction studies (file numbers- 00-019-0191 

and 04-011-9599). Dynamic Light Scattering (DLS) 

measurements and Zeta Potential studies were carried out 

in the Zetasizer Nano ZS (For DLS light source used was He-

Ne Laser, 633nm, Max 4mW, back scattering angle used was 

173o and for zeta potential electrophoretic light scattering 

principle was used to do the measurements). Infrared 

Spectrum (IR) studies were done using the Perkin Elmer 

Spectrum One FT-IR machine. Energy Dispersive X-ray 

Spectroscopy (EDX) analysis was done using the QUANTA 
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FEI 200 FEG-ESEM device and the sample was analyzed in 

powdered form in SEM stubs with carbon tapes. UV-vis 

Spectrum was carried using Cary-5000 UV-vis-NIR 

spectrophotometer. ImageJ software was used for 

measuring the particles. 

3.1. TEM, DLS and Size 

 
TEM Studies: Transmission Electron Microscopy (TEM) 
analysis was done on the samples to study the size and 
shape of the particles. They appeared agglomerated as is 
common with the QDs synthesized in water medium. The 
TEM images showed the spherical quantum dots formed 
(Figure 2a, b and c). The average size of the QDs was 
obtained by manually measuring more than 200 QDs from 
the TEM images using ImageJ software and plotting the 
histogram using Gaussian function. The average size for the 
sample kept at 150oC for 30 minutes is 4.18nm, the one kept 
at 150oC for 60 minutes is 6.7nm and the one kept at 150oC 
for 90 minutes is 8.6nm (Figure 3a, b and c). The size 
consecutively grew as the reaction time was increased. This 
was observed well by the change in the emission 
wavelength of the QDs. This growth in size for QDs with 
increasing reaction time is consistent with the behavior 
exhibited by the QDs. In general, when QDs are synthesized 
in high temperature hot-injection method, with increasing 
time of the reaction the size of the particle grows. This is 
because after the initial nucleation for the formation of the 
QDs, the size continues to grow during the entire period of 
the reaction time. The capping ligands are used to control 
the size of the QDs but with more passage of time there is 
more accumulation of the precursors and the capping 
ligands on the nucleated sites, thus giving rise to larger size 
of the QDs. In colloidal synthesis like this for QDs, the size is 
controlled kinetically. CdSe tends to aggregate as the 
reaction proceeds further at high temperature thus 
increasing the size of the final QDs obtained. By stopping the 
reaction at specific time periods, removes the heat and 
quenches the reaction mixture, thus stopping the growth of 
the particles further and obtaining the QDs of a particular 
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size. The quenching of the reaction mixture is done here by 
cool normal tap water after the end of 30 minutes, 60 
minutes and 90 minutes. 
 

a.  

b.  c.  

Figure 2: (a) TEM micrograph of the QDs at 100nm magnification for 
sample after 60 minutes of synthesis. (b) and (c) TEM micrograph of the 
QDs at 20nm magnification for sample after 30 minutes of synthesis. 

 

 

 

 

a.  
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b. 

c.   

Figure 3: The Gaussian histogram for the size of the QDs synthesized (a) 

after 30 minutes which is 4.18nm (b) after 60 minutes which is 6.7nm and 

(c) after 90 minutes which is 8.6nm.   

DLS Studies: The size was further measured with Dynamic 
Light Scattering (DLS) studies and it mostly corroborated 
with the size obtained by TEM. The average size obtained 
by the DLS was 3.6nm, 5.6nm and 8.7nm for the time 
durations of 30, 60 and 90 minutes (Figure 4). The DLS 
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results showed a monodispersed peak thus proving that the 
QDs were quite homogeneously produced by this method. 
Generally, the size of the particles seen in TEM studies are 
smaller compared to the size of the particles when 
measured using DLS. This is because DLS gives the 
hydrodynamic diameter and the particles tendency to 
aggregate while being measured. This is contrary to what 
we observe. This perhaps could be because the 
measurement of the TEM was done by the drop-dry 
method. The sample was prepared on a Cu grid, by drop-dry 
and it could have led to minor aggregation of the particles 
on the grid, such that when it was measured it showed a 
slightly increased size. While, during the DLS 
measurements, the particles were in solution and well 
dispersed by sonication prior to measuring them. This 
could have made the QDs less aggregated and more well 
separated while being measured in the DLS and thus 
leading to slightly smaller dimensions.  
 

Figure 4: The DLS graphs for the size of the QDs synthesized after 30 

minutes which is 3.16nm, after 60 minutes which is 5.6nm and after 90 

minutes which is 8.7nm.    
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3.2. Fluorescence Studies 

The fluorescence studies include the study of the PL 

emission, excitation and the UV-vis absorption. Their 

intensities have also been recorded over time to see the 

degradation of their emission properties. The quantum 

yield (QY) values are calculated using the relative formula 

in which the emission is compared to the standards. There 

are many ways of calculating the QY of QDs as studied 

thoroughly by Grabolle et al. [25] but out of all the methods 

mentioned by them, we followed the method of comparing 

luminescence with standards and calculating the yield. 

Though this is not the most accurate way of calculating the 

yield, it is the most adopted method of quantifying the QY. 

In order to reduce the discrepancies, the standard has to be 

carefully selected and must fall within the same range of 

excitation and emission of the QDs and preferably different 

excitation wavelengths and more than one standard should 

be selected. The exciton peak in the UV-vis should not be 

taken for the QY calculation. 

PL Emission and Intensity Studies: Due to the changes in the 
size with the temperature, the emission color also changed 
as mentioned before. This is because of the characteristic 
property of QDs, where they possess a size tunable band-
gap and size tunable color. As the QDs grow in size, the bang 
gap of the QDs changes, the energy difference between the 
states change, due to which the emission color changes. The 
wavelength of luminescence emitted varies with the change 
in the band gap of the QD, thus with increase in size, the 
band gap reduces and the emission spectrum of the QD 
shifts more towards the red region. This is seen with QDs 
we synthesize in this paper, as with growing size the 
emission color shifts from green to yellow to orange and 
this was confirmed by the PL studies done on them. The 
normalized emission is shown in the Figure 5 which shows 
that the emission peaks shift with the increase in the size of 
the QDs. The QDs after 30 minutes have a green emission, 
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while after 60 minutes they have a yellow emission and 
after 90 minutes they have orange emission.  
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Figure 5: The emission spectrum of the QDs after 30 minutes, 60 minutes 
and 90 minutes.  

 

The emission spectrum of these QDs after 30 minutes is at 
550nm, after 60 minutes at 580nm and after 90 minutes at 
620nm.  This falls well within the spectrum of the colors 
green, yellow and orange respectively. They emit intensities 
which are almost comparable to QDs synthesized in organic 
solvents at a much higher temperature of 300oC.  It is first 
time that such highly luminescent QDs purely synthesized 
in water with the usual precursors exhibit such luminescent 
properties. 
These QDs showed intense emission when re-dispersed in 
ethanol, toluene or in fresh water solutions. They are also 
extremely stable and have been stable showing the same 
intense emission for over a year after being synthesized 
(Figure 6). The intensity was well preserved when it was 
quantified after 6 months and after almost 1 year. In Figure 
6, you can see the intensity variance over a period of 1 year 
being documented. For 1 year, the measurements were 
done after the end of 1st, 3rd, 5th, 7th, 9th, 11th and 13th months. 
The degradation in the intensity of these stored QDs was 
not significantly huge and quite maintained.  
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Figure 6: The intensity record over a period of 13 months for different 
samples. The intensity does not degrade much over the period of 1 year for 

these QDs. The naked eye photos of the QDs under UV 
irradiation at 366nm is seen below. We can clearly see the 
green, yellow and orange fluorescence emitted by the QDs 
made by our method (Figure 7). 

 

Figure 7: The image of the QDs illuminated under the UV light of 366nm. 

(a) After 30 minutes of synthesis, (b) after 60 minutes of synthesis and (c) 

after 90 minutes of synthesis. 

UV-vis and Excitation Studies: The UV-vis spectrum of the 
QDs were also measured and they showed absorbance at 
465nm, 510nm and at 546nm for 30, 60- and 90-minutes 
sample (Figure 8). The excitation spectrum was also studied 
(Figure 9) and it showed a peak at 392nm and the QDs were 
excited at 365nm and 392 nm for the emissive studies and 
both showed similar emission. 
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Figure 8:  UV-vis spectrum of the QDs synthesized at different time 

periods. 
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Figure 9: The excitation spectrum of the aqueous QDs. The excitation peak 

was obtained at 392nm wavelength.  
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Quantum Yield Measurement: The Quantum yield (QY) 
measurements were done using the formula given below:  
QY= QYref {ɳ2 I Aref (ɳref Iref A)-1}                                                                   
Where QYref – Quantum Yield of the reference (Rhodamine 
6G) 
ɳ- Refractive index of the solvent (Ethanol) 
ɳref- Refractive index of the solvent of the standard 
(Ethanol) 
I- Integrated area of emission spectrum of sample 
Iref – Integrated area of emission spectrum of reference 
A- Absorbance value of sample 
Aref- Absorbance value of the reference 
 
The reference used for the QY measurement was 
Rhodamine 6G and its QY in ethanol (0.95) was taken as the 
reference. Rhodamine 6G was used as it had the emission in 
the same wavelength range as the QDs produced in this 
paper. The excitation wavelength used for the QY studies 
were 392nm and 425nm for the 30 minutes sample, 392nm 
and 450 for 60 minutes samples and 392nm and 480 for 90 
minutes samples. The two different wavelengths were used 
to excite the different samples and also the reference. Their 
emission obtained at the two different wavelengths were 
considered for the calculation of the QY. The sample were 
diluted until their absorbance values were obtained to be 
less than 0.1 for the QY measurements.  We used the relative 
Quantum yield calculation formula mentioned above and 
the standard given and using that we obtained almost 80% 
for the green emission, 78% for the yellow emission and 
76% for the orange emission. This is a massive 
improvement in the QY of the aqueous synthesized QDs that 
were available so far. This method helps us to achieve such 
luminescent QDs in water which has been very difficult in 
the study of QDs so far.  The only known highest QY values 
for QDs synthesized in water using Selenium Dioxide as a 
reagent is 24%. So, these QDs clearly supersede the 
available QDs that are synthesized in water till now and 
present us with a new generation of water based QDs.             
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3.3. Chemical Composition Studies 

Electron Diffraction Studies: The selected area electron 
diffraction (SAED) pattern was obtained for the samples 
(Figure 10). The rings present corresponded to the 
hexagonal wurtzite structure of the CdSe QDs. Though the 
zinc blende phase of CdSe QDs are more common at lower 
temperature water-based synthesis of QDs and the 
hexagonal wurtzite phase is more common for the higher 
temperature synthesis of QDs in organic samples, we could 
very well observe the hexagonal phase of these QDs. The 
unique way of synthesizing these QDs at high temperature 
in high pressure tubes help us obtain unique features of 
these QDs. Usually at high temperature with high pressure 
synthesis of QDs, that is the hydrothermal synthesis is done 
using autoclaves. In these 
synthesis processes, either it 
takes more time for the QDs to 
be obtained or if obtained in 
shorter time duration the 
properties are not much 
improved than QDs 
synthesized under usually 
used normal conditions. The 
unique use of glass pressure 
tubes along with a cork 
encapsulated heating system 
provides for an ideal 
condition to synthesize QDs in 
water with properties 
obtained in hot-injection 
synthetic conditions. 
 

EDX Studies: The EDX studies showed very well the 
presence of Cadmium, Selenium and Sulphur. This 
confirmed the formation of the QDs with the capping 
effectively done by the 3-Mercaptopropionic acid (Figure 
11). The chemical composition in terms of atomic 
percentage for the different elements went well in 
accordance with the synthesized QDs. It showed that the 

Figure 10: The Electron 

Diffraction pattern for the 

QDs synthesized in water. 

They all show the hexagonal 

wurtzite phase of CdSe. 
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ratio of Cd:Se:S present is 4:1:2. It showed an excessive 
presence of Cd in the sample which provides for the 
excessive positive charge in the sample. It has been 
reported that usually in aqueous synthesis an excess of Cd 
is needed to improve the photophysical properties and the 
luminescent properties and this is compensated by anionic 
ligands of 3-MPA or MAA. [26] Though there have also been 
studies showing that excess Se can lead to narrower spectra 
but as we can see in these samples the PL spectra is quite 
broad owing to the presence of excess Cd ions which also 
help in improved QY of the QDs.  

  

Figure 11: EDX of the QDs in water. It shows the presence of Cadmium, 

Selenium and Sulphur.  

IR Studies: The IR study was done for all the samples and 
they all showed a similar spectrum (Figure 12). A broad 
absorption peak at around 3440 cm-1 is assigned to the O–
H vibration. The absence of S–H stretching band around 
2557 cm−1clearly indicates that thiolates are connected to 
the Cd++ sites on the CdSe QD surface via Sulphur atom of 
organic molecule. The sharp peak at 1540 cm−1 can be 
assigned to the vibration of the carboxylate anion of MPA 
molecules. The band at 1420 cm−1 is due to the symmetric 
stretching vibration C–O. The blue one is for the QDs 
produced after 30 minutes of heating and the black one is 
for the sample extracted after 60 minutes of heating.  
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Figure 12: The Infra-Red spectrum shows the presence of the COOH group 

capping the QDs and the absence of S-H band, proving that the particles are 

effectively capped with 3-MPA. Blue spectra for QDs after 30 minutes and 

Black spectra for QDs after 90 minutes of heating. 

 

3.4. Zeta Potential Studies 

These quantum dots are also extremely stable for more than 
a year when dispersed in ethanol, toluene or water. Their 
stability has been tested by zeta-potential values. Zeta-
Potential is a technique which helps us determine the 
stability of a colloidal system. Zeta-potential as defined is 
the potential difference between the slipping plane in the 
electronic double layer and the bulk potential. The values of 
zeta-potential when above +30 means that the particles are 
electrostatically stable. Although in colloidal system the 
stability of the particles is dependent on electrostatic and 
steric repulsion, zeta potential can still be considered as a 
good indication of the stability of the particles in the 
dispersing media. The values of zeta-potential obtained for 
the samples dispersed in ethanol was -57.9mV, in toluene 
was -38.6mV, and in water was -51.7mV thus confirming 
that the QDs are extremely stable in these solvents. (Figure 
13, 14 and 15).       
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Figure 13: The zeta-potential of CdSe QDs dispersed in toluene. The 

suspension shows very good stability and has a zeta potential value of -

38.6mV.  

 

Figure 14: The zeta-potential of CdSe QDs dispersed in ethanol. The 

suspension shows very good stability and has a zeta potential value of -

57.9mV.  

Figure 15: The zeta-potential of CdSe QDs dispersed in fresh water. The 

suspension shows very good stability and has a zeta potential value of -

51.7mV.  
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4. Comparisons 

The QDs thus made were also compared with the QDs 

traditionally made under reflux at 100oC and also at room 

temperature. Their intensities of emission were compared. 

These comparisons were necessary in order to check how 

these QDs fared with the QDs synthesized in the traditional 

method. The comparison showed us the enhanced 

properties obtained by this synthetic route. 

4.1. Comparison with usual water-based QDs 

The intensity of the emission of the QDs synthesized using 

the new method is extremely high and when compared with 

QDs synthesized normally with 3-MPA under normally used 

conditions, they are almost 100 times more fluorescent 

according to the arbitrary units of the machine (Figure 16).  

 

Figure 16: Comparison of the emission of the QDs produced by the new 

method versus the QDs synthesized using traditional method at room 

temperature using 3-MPA. 
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The emission produced by these QDs also supersede the 

emission produced by the QDs at 100oC in water or 

normally synthesized in autoclaves at other higher 

temperatures and pressure (Figure 17).  This shows that in 

general these QDs have higher emission over other water 

synthesized QDs. 

 

Figure 17: Comparison of the emission of the QDs produced by the new 

method versus the QDs synthesized using traditional method at 100oC 

under reflux using 3-MPA. 

Not only the emission intensity was measured for a single 
reading but also over a period of time to see the stability of 
the intensity. The intensity of the fluorescence was 
measured over a period of time to check how stable the 
emission is and we could observe very well over the period 
of 60 minutes that all the QDs emitted with no degradation 
in the intensity (Figure 18). For 60 minutes, 4 samples were 
tested in this. The one at 150oC showed the maximum 
intensity for the samples prepared after 30, 60 and 90 
minutes followed by the one synthesized at the same 
temperature for 120 minutes and 150 minutes. The least 
intense were the ones synthesized at 100oC for 30, 60 and 
90 minutes. Though all the samples clearly maintained their 
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respective intensity of emission we can clearly see that the 
particles synthesized at 150oC in the glass tubes have 
superior intensities. We also have the image of the QDs 
made by the method used to synthesize them in water at 
100oC and it can be seen that they are much less-brighter 
than the QDs synthesized by us as seen by their UV 
illuminated image before in Figure 7. 
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Figure 18: The intensity record for different samples over a period of 60 

minutes.  

 

The reaction was also stirred for further time frames of 120 
minutes and 150 minutes but they gave poor emissive 
properties and hence were not pursued further. This was 
because the particles formed got aggregated sooner and the 
sizes were much larger and exceeded the quantum regime 
dimensions.  
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5. Conclusions 

The high temperature boiling organic solvent method to 
produce Quantum Dots (QDs) offered the best procedure to 
control the size, thence the PL emission and the stability of 
the QDs. The QDs produced this way show high QYs. The 
problem was the isolation to get the QDs in solid, the 
procedure requires a non-green solvent and the QDs are not 
water compatible, thus the as produced QDs cannot be used 
in biological experiments. On the contrary the aqueous 
method, that is using a green solvent, is slow, cannot tune 
the size and neither the PL; further the materials thus 
produced are not very stable. In this work CdSe QDs have 
been produced in water at 150oC following a sequence of 
temperature ramps. The QDs thus produced are water 
compatible, show intense fluorescence emission and high 
quantum yields (QYs). Their dimensions have been 
controlled keeping the temperature constant but allowing 
different times of growth thus with distinct fluorescence. 
These QDs and the QDs produced in the high boiling method 
show comparable QYs. These water QDs can be easily 
separated and stored dry. The sizes obtained by TEM for 30, 
60 and 90 minutes of reaction are 4.18nm, 6.7nm and 
8.6nm, respectively, corresponding to green, yellow and 
orange luminescence, respectively. These QDs display 
the hexagonal wurtzite phase, as for the higher temperature 
synthesis of QDs in organic samples, and not the zinc blende 
phase of CdSe QDs common for the lower temperature 
water synthesis of QDs. These QDs have shown the same 
intense emission for over a year after being synthesized. 
These results have been published in ChemNanoMat. [27] 
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3. Results and 
Discussions Part 1 

 
 
  3.1.3. Quantum 

Rods and Rings in 
Water 
CdSe Quantum Rods (QRods) and Quantum 

Rings (QRs) with high quantum yield (QY) 

have been synthesized in water for the first 

time using a novel hydrothermal method. The 

QNCs were encapsulated in polymers to 

generate photoluminescent polymeric films. 

The quantum nanocrystals (QNCs) hence 

produced, can be easily separated from the 

water, show remarkable photoluminescent 

intensity as well as electroluminescence in 

polymeric films. 

 

Arpita Saha 
ICMAB-CSIC (UAB) 



3.1.3. Quantum Rods and Rings in Water 

 

1 

 

Contents 

 

1. Introduction  

1.1. Quantum Rods 

1.2. Quantum Rings 

 

2. Synthesis  

2.1. Synthesis of Quantum Rods 

2.2. Synthesis of Quantum Rings 

2.3. Synthesis of Polymeric Films 

 

3. Characterizations of QNCs in Solution 

3.1. TEM Study and Size 

3.2. Composition Study 

3.3. Fluorescence Study 

3.4. Zeta Potential Study 

 

4. Characterizations of the QNCs in Films 

4.1. HRTEM and HRSEM Studies 

4.2. Composition Study 

4.3. Photoluminescence Study 

4.4. Electroluminescence Study 

4.5. Thickness of the Films 

 

5. Conclusions 

 

6. References 

 

 

 

 



3.1.3. Quantum Rods and Rings in Water 

 

2 

 

1. Introduction 

Quantum Nanocrystals (QNCs) have been the core of 

research for material scientists over the last two decades. 

Among these QNCs, Quantum Dots (QDs) have been of 

foremost interest. QDs have already been introduced in the 

previous chapters and we have done most of the work with 

the QDs synthesized in aqueous media. After achieving 

considerable success in the synthesis of QDs in aqueous 

media and obtaining new properties in them, we shifted our 

focus on other QNCs like Quantum Rods (QRods) and 

Quantum Rings (QRs). These QNCs have been known 

theoretically for a long time but they have been difficult to 

synthesize for years. Though QRods have seen some 

considerable research being done on their colloidal 

synthesis, QRs have really never been touched at the 

colloidal level. QRods have been synthesized in colloidal 

medium, but they are mostly restricted to the 

organometallic medium [1]. After the success of highly 

luminescent QDs in organometallic synthesis, QRods were 

pursued and since QRods are achieved with rapid increase 

in temperature, the organometallic synthesis was apt to be 

used for it [2]. There has been considerable research 

involving QRods synthesis albeit none of them have been in 

water medium. The QRods have always been subjected to 

long process of ligand exchange or silanization to make 

them water soluble [3]. While QRods have still been 

explored, QRs have not been explored in colloidal synthesis 

routes. Barring one long cumbersome procedure, [4] they 

have predominantly been synthesized using physical 

methods of epitaxy or Stranski-Krastanov etc.  Hence, we 

focussed out attention to achieve a simple colloidal route to 

obtain these QNCs in water.  
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1.1. Quantum Rods 

QRods are semiconductor materials having long rod like 
structures which have their cross section within the 
quantum regime of 0-20nm, while their length is longer of 
the order of 100-200nm. [5] QDs are 0D structures while 
QRods are 1D structures. QRods help us to study the shape 
dependant optical and electronic properties of NCs, as well 
as quantum confinement effects in 1D and quasi-1D regime 
in comparison with the much studied 0D structures. They 
too possess a tuneable bandgap like the QDs owing to their 
cross-section dimensions. [5] The size and shape of the NCs 
have huge implications on the optical properties and 
electronic structures of band edge. [6] This is further 
supported by the measurements on CdSe QRods showing 
that their Stokes shift is much larger than the corresponding 
QDs and it increases even further with increase in the length 
of QRods.[7] The polarization of emission of CdSe QRods also 
shows a significant difference in comparison to QDs.[7] 
Additionally, they also demonstrate faster radiative decay 
rate,[8] have larger absorption cross section than QDs[9] and 
can be functionalized with numerous binding moieties. Due 
to their unique properties and morphology,  QRods have 
found use in applications such as fluorescent labels and 
markers[10,11] and also as polarized emitters for light-
emitting diodes.[12,13] But one of the most promising 
applications of QRods is their ability to track single 
molecules,[3] which is a powerful method to study the 
dynamic and kinetic behaviour of biomolecules inside living 
cells. Their enhanced fluorescent signal compared to QDs 
makes them ideal probes for single molecule tracking. They 
show higher resistance to degradation as compared to 
other optical probes such as organic dyes.[14] QRods due to 
their long length and intense emissive properties compared 
to QDs have lots of advantages over them and hence their 
application prospects cover a wider range. This is exactly 
why there is a need to synthesize QRods in solely aqueous 
media and yet there has been very less research in this 
arena and not with much success. 
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1.2. Quantum Rings 

The term “Quantum rings” refers herein to ring like 
structures (toroidal topology in the quantum regime), 
having a diameter in the range of 5 to 20 nm. QDs, while 
interesting, have already been studied extensively and the 
focus has now shifted to structures that can be made in 
quantum regime without any natural analog. Quantum 
rings (QRs) are one such possibility in this field. They 
possess all the qualities of QDs with enhanced 
photoluminescence and conductance properties. By 
confining an electron to a 1D ring we fix the magnitude of 
its dipole moment, but not its direction. Classically an array 
of such rings will align in striped anti ferroelectric order 
(AFE). QRs such as InGaAs QRs present an outer diameter 
between 60 and 140 nm, a height of about 2 nm and a center 
hole of about 20 nm in diameter.[15] Due to the fascination 
that the macroscopic interaction between loops and 
magnetic fields exerts on scientists and engineers, there is a 
genuine interest to see what happens at the nano scale.[16] 
QRs provide the unique opportunity to study rings in the 
true quantum regime. According to quantum mechanics, 
small ring-like structures threaded by a magnetic flux bear 
persistent (dissipationless) circulating electron currents.[17] 
Other effects such as oscillation in magnetization can also 
be studied with QRs.[18] Another feature of such 
semiconductor QRs is that they provide ample opportunity 
to study Stark Effect[19] and Aharanov-Bohm Oscillations.[20-

22] To carry on with these studies, efficient methods to 
produce QRs are necessary. But for one reported case of 
colloidal organometallic synthesis that requires etching,[4] 
QRs are currently made by physical methods using electron 
beam lithography, and ion beam milling. Presently, the most 
commonly used technique is the lattice-mismatched 
technique by the Stranski–Krastanov (S-K) model,23-26 and 
the more recent droplet epitaxy (DE) from Koguchi and his 
co-workers. In general, physical methods of preparation, 
although producing highly pure materials, have a very low 
throughput. So, it is high time that we developed a method 
to obtain these in a facile green synthesis.  
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2. Synthesis 

The process of the present work is a green chemical process 
performed under hydrothermal conditions where aqueous 
solutions of precursors are added into the high-pressure 
tubes while conventional processes for obtaining QNCs use 
pyrolysis of often hazardous organometallic precursors at 
high temperatures instead. The QNCs obtainable by the 
process presented here show high aqueous stability and 
biocompatibility. Furthermore, the fluorescence intensity 
of the obtained QNCs, both QRods and QRs, are extremely 
high when compared to the traditional QDs made in water. 
The high-pressure tube method of synthesizing these QNCs 
is similar to the method used in the previous chapter for the 
synthesis of QDs. But in that case the synthesis procedure 
varied slightly than the one done here. The modifications 
done on that method helps us to obtain these new QNCs in 
water for the first time. There is a pictographic depiction of 
the synthetic procedure given in Figure 1. 

 

Figure 1: Synthetic route used to obtain QRs and QRods in water using ace 
pressure tubes.  
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2.1. Synthesis of Quantum Rods 

 
456mg of CdCl2.2.5H2O (Cadmium precursor) was 

dissolved in 5 ml of distilled water, 56 mg of SeO2 (Selenium 

precursor) was dissolved in 5 ml of distilled water. The two 
solutions were prepared separately and stirred for 10 
minutes till they both formed clear solutions. Everything in 
this procedure is done in normal conditions and not under 
N2 atmosphere. The Cd solution was then transferred to a 

Sigma Aldrich Ace pressure tube. The tube was inserted in 
a sand bath well insulated with cork.  The sand bath had 
been covered with a cork sheet on the outer walls and the 
top of the bath had been covered with a cork sheet with 
holes to insert the tubes in them. Then when the tube with 
the Cd solution was started to being heated, 0.2 ml of 
Mercaptopropionic acid (3-MPA) was added to the Cd 
solution followed by the addition of Ammonium Hydroxide 
(NH4OH) to maintain the pH around 11. Afterwards, when 
the temperature had reached 90ºC, after 20 minutes of 
heating, the Selenium solution was added into the tube. 
Then, the tube was closed and heated up to 160 ºC. It took 
around 15 minutes to reach the temperature. It was 

maintained at 160
o
C for 5 to 10 minutes till the temperature 

became stable. Next the pressure tubes were opened a turn 
of the screw cap (7 turns in 1.5 cm) to let the pressure 
release and the water evaporate. These opened tubes were 

maintained at 160
o
C for 60 mins.  

 
After that the tube was pulled out of the sand bath and left 
to cool to room temperature. The water had mostly 
evaporated and the precipitate had stuck to the walls of the 
tube. The obtained precipitate which was mostly orange 
and red in colour, was further washed with water twice and 
then the precipitate is left for drying in vacuum and re-
dispersed in ethanol, toluene or fresh distilled water.  This 
suspension showed bright orange fluorescence and had 
QRods in them. 
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2.2. Synthesis of Quantum Rings 
 

456 mg of CdCl2.2.5H2O (Cadmium precursor) was 
dissolved in 5 ml of distilled water, 56 mg of SeO2 (Selenium 
precursor) was dissolved in 5 ml of distilled water. The two 
solutions were prepared separately and stirred for 10 
minutes till they both formed clear solutions. Everything in 
this procedure is done in normal conditions and not under 
N2 atmosphere. The Cd solution was then transferred to a 
Sigma Aldrich Ace pressure tube. The tube was inserted in 
a sand bath well insulated with cork. The sand bath had 
been covered with a cork sheet on the outer walls and the 
top of the bath had been covered with a cork sheet with 
holes to insert the tubes in them. Then, when the tube with 
the Cd solution was started to being heated, 0.2 ml of 3-MPA 
was added to the Cd solution followed by the addition of 
NH4OH to maintain the pH around 11. Afterwards, when the 
temperature had reached 90ºC, after 20 minutes of heating, 
the Selenium precursor was added into the tube. Then, the 
tube was closed tightly and heated up to 160ºC. It took 
around 15 minutes to reach the temperature. It was 
maintained at this temperature for 60 minutes.   

After that the tube was pulled out of the sand bath and left 
to cool to room temperature. The water colloid was mostly 
yellowish in color. The yellow solution was then centrifuged 
for 30 minutes at 6000rpm and yellow precipitate was 
obtained. The precipitate was further washed with water 
twice and then the precipitate was left for drying in vacuum 
and dispersed in ethanol, toluene or fresh water. This 
suspension showed bright green fluorescence and had QRs 
in them. 
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2.3. Synthesis of Polymeric Films 

Polymeric films were made using two different polymers: 

Polyvinyl Alcohol (PVA) and Polydimethylsiloxane (PDMS). 

For the film with PVA, firstly 300mg of PVA was dissolved 

in 10mL of distilled water by heating for 8 to 10 hours under 

reflux at 80oC. It formed a viscous liquid with the PVA being 

fully dissolved in water. Then 25, 30, 35, 40 mg of QRs or 

QRods were dispersed in 3-4mL of PVA each. These films 

were then doctor bladed on glass slides or conductive ITO 

coated glass slides. The PVA films were dried over-night and 

then they were further dried with heat-gun at 80oC. An Al 

mask was made with holes punched into them, then cotton 

swabs were used to make the contacts using the eutectic 

mixture of In-Ga (24.5%-75.5%) through the holes of the 

mask. For PDMS films, the PDMS was used from the 

commercial Dow Corning Sylgard 184, the QRods or QRs 

were mixed in the PDMS and then it was doctor bladed on 

the glass slides with the curing agent of the PDMS kit and 

left overnight to dry. After it has dried, it was very easily 

peeled off from the glass slides. PDMS films were more 

flexible than the PVA films which were more brittle and 

would break down easily. The contacts on the PDMS films 

were also made the same way it was made for the PVA films.  

 

Figure 2: Pictographic representation of the formation of films. 
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3. Characterizations of the QNCs in 
Solution 

The QRods or QRs were stored in dry powder form. They 
could easily be re-dispersed in ethanol, toluene or fresh 
distilled water. The solutions made showed intense 
luminescence properties. These solutions were 
characterized thoroughly using TEM, fluorescence 
emission, composition studies and zeta potential 
properties.  

Photoluminescence (PL) emission and excitation spectra 
were measured in Perkin Elmer LS45 fluorometer. 
Transmission electron microscopy (TEM) studies were 
carried out using JEOL JEM 1210 at 120 kV. Energy 
Dispersive X-ray Spectroscopy (EDX) analysis was done 
using the QUANTA FEI 200 FEG-ESEM device and the solid 
sample was analyzed. Zeta Potential studies were carried 
out in the Zetasizer Nano ZS (For DLS light source used was 
He-Ne Laser, 633nm, Max 4mW, back scattering angle used 
was 173o and for zeta potential electrophoretic light 
scattering principle was used to do the measurements). UV-
vis Spectrum was carried using Cary-5000 UV-vis-NIR 
spectrophotometer. ImageJ software was used for 
measuring the particles. 

 

3.1. TEM Study and Size 

Quantum Rings (QRs):  The TEM images show that the rings 
are formed. The images are taken using JEOL JEM 1210 at 
120 kV. TEM samples were made by dropping a drop of 
CdSe QR suspension onto the carbon coated copper grids. 
The sample where the reaction was done for at 160oC and 
then quenched at low temperature showed perfectly 
formed rings. For the sample, the reaction done at 175oC or 
180oC, it showed that at higher temperature it causes the 
rings to be aggregated and the sample becomes 
contaminated with smaller QDs and hence we decided to 
keep the temperature at 160oC. While at higher 
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temperatures the samples became contaminated, at lower 
temperatures of 120oC, the rings were not fully formed and 
had open ends, resembling the horseshoe structure. The 
images of each are shown in Figure 3. 

a.   b.  

c.  d.  

Figure 3: TEM images of (a) Rings formed at 160oC, (b) ring formed at 
160oC at higher magnification, (c) rings formed with aggregation of dots at 
higher temperature of 175oC and (d) open ended rings or horseshoes 
formed at 120oC. 

Gaussian Size Graph for QRs: The Gaussian size graph of the 
QRs at 160oC showed the size well distributed with a mean 
of 10.12nm, while on increasing the temperature, the rings 
were not formed uniformly and the distribution was less 
even and it had a mean of 29.3nm. The rings were much 
thicker with increase in temperature as seen in the mean 
toroidal size. This makes the rings fall outside the quantum 
regime when synthesized at a higher temperature than 
160oC while at 160oC, it is not the case. 
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Figure 4: Gaussian Size graphs of (a) Rings formed at 160oC and (b) Rings 
formed at 175oC. 

Quantum Rods (QRods):  TEM studies were carried out using 
JEOL JEM 1210 at 120 kV. TEM samples were made by 
dropping a drop of CdSe QRod suspension onto the carbon 
coated copper grids. The microscopy images showed QRods 
being formed. The sample synthesized at 160oC with partial 
release of pressure shows well formed rods while the 
sample prepared at higher temperatures than this show 
aggregated rods. The sample though is not contaminated as 
is in the case of QRs.  

a.   b.  

Figure 5: TEM images of (a) Rods formed at 160oC and (b) Rods formed at 
175oC. 

Gaussian Size Graph for QRods: The Gaussian size graph of 
the QRods at 160oC showed the size well distributed with a 
mean of 19.5nm, while on increasing the temperature, the 
rings were not formed uniformly and the distribution was 
less even and it had a mean of 39.7nm. Though at higher 
temperatures the size of the rods were outside the quantum 
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regime, they did show fluorescence which was not so in the 
case of the QRs. This will be shown in the fluorescence 
section.  

 

Figure 6: Gaussian Size graphs of (a) Rods formed at 160oC and (b) Rods 
formed at 175oC. 

 

3.2. Composition Study 

EDX Studies of QRs and QRods: The chemical composition 
was studied for the solid samples in HRSEM with EDX 
technique and the presence of Cd, Se and S was observed. In 
the EDX studies, we found a large amount of Cd compared 
to S and Se. It must be noted that these morphologies have 
been obtained by using a higher ratio of Cd:Se, that is three 
times more than what is the standard ratio. Using the 
standard ratio of Cd:Se as 2:1, along with the conditions 
used in this work does not lead to any of these 
morphologies hence necessitating the presence of this 
particular quantity of Cd and Se. The need for excess Cd was 
important in both the cases of QRs and QRods. The 
preferred ratio for the synthesis of these morphologies is 
4:1 or 6:1. These ratios help us obtain the best results. At 
higher ratios the samples have lot of unreacted precursor 
salts of Cd while at lower ratios of 3:1 or 2:1 we do not 
obtain anything other than QDs. 



3.1.3. Quantum Rods and Rings in Water 

 

13 

 

 

Figure 7: EDX spectrum of QRs. It shows the presence of Cd, Se and S. 

 

Figure 8: EDX spectrum of QRods. It shows the presence of Cd, Se and S. 

 

Electron Diffraction of QRs and QRods: The electron 
diffraction studies were done on the selected area of the 
sample on TEM grids. For both the QRs and QRods it was 
confirmed that hexagonal wurtzite structure of CdSe was 
formed.  
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Figure 9: Electron diffraction patterns of (a) QRs and (b) QRods. It 
confirms the formation of CdSe in hexagonal wurtzite structure.  

 

3.3. Fluorescence Study 

Naked eye Luminescence under UV-Vis: The QRs and QRods 
samples were isolated and stored in powdered form. Then 
they were re-dispersed in ethanol, toluene or fresh water 
and they showed bright luminescence. The QRs upon UV 
illumination showed bright green luminescence and did not 
change the color of luminescence with time of reaction or 
storage. While in case of the QRods, initially they showed 
bright yellow 
luminescence but with 
increase in time of 
reaction they changed 
their emission to 
orange as larger rods 
grew with larger cross-
sections. This changed 
the bandgap of the 
QRods thus they 
emitted a different 
color. Once the color 
emitted, it did not 
change the color with   
the period of storage.  

Figure 10: QRs at the top of the 

figure and QRods at the bottom with 

changes in colour of emission over 

time. 



3.1.3. Quantum Rods and Rings in Water 

 

15 

 

PL Emission Study: The emission spectra of the QRs and 
QRods were recorded using the Fluorometer. The 
wavelength of emission for QRs is 525nm while for QRods 
is around 555nm. Their intensities were remarkably high. 
To check their brightness, their emission spectra were 
plotted with the emission spectrum of QDs synthesized in 
water at normal room temperature and also at 100oC under 
reflux. In both cases the intensity of emission of QRs and 
QRods were superior to the QDs. The intensity emitted by 
the QRs were superior to the intensity emitted by the 
QRods.  

 

Figure 11: Emission Spectra of QRods and QRs. 
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a.  

b.  

Figure 12: Emission of a) QRs in comparison with QDs synthesized at 
100oC and (b) QRods in comparison with QDs synthesized at 100oC. 
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UV-vis and Excitation Spectra: The excitation spectra were 
recorded using the fluorometer for the samples and the UV-
vis was recorded in UV spectrometer. For the UV-vis, the 
sample was made of different concentration in order to 
obtain the absorbance value below 0.1. A 5mM and 2 mM 
solution of QRs and QRods in ethanol was used for obtaining 
the desired UV-vis spectra. The absorbance was around 
480nm for QRs and around 500nm for QRods. This was 
consistent with the larger size of the QRs and QRods 
formed. The excitation spectra for both the QRs and QRods 
were recorded for the respective samples. The excitation 
spectra coincided with the range of the absorbance 
observed in the UV-vis. The images below show the UV-vis 
spectra and the excitation spectra plotted on top of the UV-
vis spectra.  

 

 

Figure 13: UV-vis absorbance spectra of (a) QRs and (b) QRods.  

 

Figure 14: Excitation Spectra on top of UV-vis spectra of (a) QRs and (b) 
QRods. 
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Quantum Yield (QY) Calculation: The QY of these samples 
were measured with the formula given below: 

QY= QYref {ɳ2 I Aref (ɳref Iref A)-1}                                                                   
Where QYref :QY of the reference (Rhodamine 6G) 
ɳ: Refractive index of the solvent (Ethanol) 
ɳref: Refractive index of the solvent of standard (Ethanol) 
I: Integrated area of emission spectrum of sample 
Iref : Integrated area of emission spectrum of reference 
A: Absorbance value of sample 
Aref: Absorbance value of the reference 
 
The reference used for the QY measurement was 
Rhodamine 6G and its QY in ethanol (0.95). The standard 
used was Rhodamine 6G as it had the absorbance and 
emission around the similar regions and also the solvent 
used was ethanol for the sample and the standard.  
Two concentrations of the sample were used to measure the 
absorbance until the values of absorbance were less than 
0.1 as mentioned above. These absorbance values were 
taken for the QY measurement, while the excitation 
wavelength used was 480nm and 465nm to record the 
emission peaks. The emission peaks were at around 525nm 
for the QRs while the ones for QRods were around 550 to 
560nm. The integrated area under these emission peaks 
was used in the QY measurements. The quantum yields 
obtained for the QRods was 42% while for the QRs was 
around 49% which are both quite high when compared to 
QY of QDs in water. Since there has been no water based 
QRs or QRods synthesized before so we could not compare 
the values with them.  
  
PL Intensity over a year: The PL emission intensities were 
studied over a year in suspension. Their intensities were 
studied over time, the first reading was taken after 1 month, 
then it was consecutively recorded every month for 12 
months and it showed very little degradation in the 
intensity values of their emission when in suspended state.  
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Figure 15: PL emission intensity study for a year for suspensions of QRs 
and QRods. 

3.4. Zeta Potential Study 
 
The CdSe QRs and QRods were studied by zeta-potential 
using the electrophoretic light scattering principle for their 
stability in ethanol and water. In both the solvents they 
showed a zeta-potential above ‖30‖mV, thus proving that 
the suspensions are stable.  
 

 
Figure 16: Zeta Potential of the QRs in (a) Ethanol (-38.5 mV) and (b) 

Water (-39.9 mV). 
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Figure 17: Zeta Potential of the QRods in (a) Ethanol (-41.1 mV) and (b) 
Water (-39.8 mV). 

The zeta- potential remained almost constant for 12 months 
since being suspended in ethanol. The study of zeta 
potential was done for ethanol as we calculated the 
quantum yield in ethanol and kept them suspended in 
ethanol for a year to study the luminescence emission 
intensity too. The zeta potential was measured after every 
month as is the case when their luminescent properties 
were evaluated in the suspended state. It was important to 
measure both of them in parallel to study their stability in 
suspension and their intensity to check whether one 
affected the other or not. After 12 months of evaluation we 
could see that the degradation in their stability and 
luminescent properties was quite negligible.  
 

 
Figure 18: Zeta Potential of the QRods and QRs in ethanol over 12 months 
of time.  
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4. Characterizations of the QNCs in 
Films 
 

The polymeric films were made as mentioned before in 
order to test these QNCs in solid form and to study their 
photoluminescence and electroluminescence in the 
polymeric films. They were thoroughly characterized using 
the HRTEM, HRSEM and Optical Microscopy in order to 
observe the structures inside the films. EDX was done using 
the TEM grids for compositional study. Confocal 
microscopy was done to see their PL while 
electroluminescence was studied using metal contacts and 
ITO substrates.  
HRTEM was done using JEM-2011 at 200kV with 0.18nm 
resolution. Polymeric samples for HRTEM were cut using 
Cryo Ultramicrotome Leica FC6. HRSEM was done using 
Zeiss Merlin and the samples were analyzed in films on 
wafer holders. Au Sputtering was done using E5000 Sputter 
Coater, Polaroid Equipment Limited. Optical microscopy 
was done using Olympus DP20. Confocal microscopy was 
done using Olympus Fluoview 1000. Sample was analyzed 
in normal glass slides. Electroluminescence was done using 
a Cascade Microtech Summit 11000 probe station, properly 
screened from external electromagnetic noise by means of 
a Faraday cage. The I(V) characteristics were performed 
using an Agilent B1500 semiconductor device analyzer. EL 
spectra were acquired via a Princeton Instruments LN2-
cooled CCD coupled to a monochromator (400–1100 nm 
range). 
 

4.1. HRTEM and HRSEM Studies 

HRTEM Studies: High resolution transmission electron 

microscopy was needed to observe the QNCs inside the 

polymeric films. For the HRTEM studies, the polymeric films 

were quite large and thick. So, they had to be cut into 
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smaller pieces to be placed on the grid of the TEM. They 

were sliced using a cryomicrotome and then placed on the 

holder for HRTEM. The films were studied and the QRs and 

QRods were seen inside the films at high magnification.   

 

Figure 19: HRTEM images of polymeric films containing (a) QRs and (b) 

QRods in them.  

The polymeric films were insulating and hence the images 

obtained from the HRTEM were not very clear as obtained 

by the suspensions of the QNCs but still we can clearly 

visualize the QNCs being present within the films. 

HRSEM Studies: As we had already seen that the films were 
insulating and since the resolution of the SEM machine is 
not as high as the TEM, so, we decided to sputter the films 
with a layer of Au before studying them. A thin layer of 1nm 
of Au was sputtered onto the films and these films were 
then studied using the HRSEM. The rods due to their longer 
dimensions were more clearly visible than the rings.  
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Figure 20: HRSEM images of polymeric films containing QRs (top) and 

QRods (bottom) in them.  

The HRTEM and HRSEM both helped us to confirm the 
presence of the QNCs inside the films. Both the films of PVA 
and PDMS were studied and the results obtained were the 
same. After this, we wanted to study their composition and 
the luminescence properties so as to see if there was any 
change when they were used in a nanocomposite form 
other than in a suspended form. 
 
 

4.2. Composition Study 
 
EDX Studies: After the confirmation that we could see the 
QNCs inside the film we proceeded further to study the 
composition with the EDX. The EDX was studied on the TEM 
grid and we could very well observe the presence of Cd, Se 
and S like we saw in the powdered samples of the QNCs. 
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Figure 21: EDX obtained from the TEM grid containing the Polymeric film 

embedded with QRs. It shows the presence of Cd, Se and S.   

Figure 22: EDX obtained from the TEM grid containing the Polymeric film 

embedded with QRods. It shows the presence of Cd, Se and S.   

Characteristically the amount of Cd was higher compared to 

the normal amount of Cd used as seen previously in the EDX 

of the powdered samples.  

Electron Diffraction Study: Electron diffraction patterns 

could not be obtained clearly from the TEM grids due to the 

insulating nature of the polymeric film which contained the 

QNCs in them. Due to the insulation of the polymer, the 
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diffraction patterns were too diffused and the diffraction 

rings could be seen very faintly. Still we tried and could 

obtain some rings which corresponded with the hexagonal 

wurtzite structure of CdSe. 

 

 
Figure 23: Electron diffraction pattern of (a) QRs and (b) QRods inside the 

PVA films. These patterns confirm the presence of CdSe in hexagonal 

wurtzite structure inside the films.    
 

 

4.3. Photoluminescence Study 
 

The PL study for the films were necessary to see whether 

the luminescent properties of the QNCs were preserved or 

not. For this, we used the confocal microscopy to check the 

wavelength of emission of the QNCs and UV illumination 

was used to see the colour emitted by them.  

 

 

Naked eye luminescence under UV-vis: The films were 

prepared and illuminated under UV-vis lamp of 365nm 

wavelength and the films emitted luminescence. The films 

containing QRs emitted green luminescence while the film 

containing QRods emitted orange or yellow luminescence 

as was observed in the suspension of these QNCs. QDs were 

also made at 150oC as described in chapter 2 and these 

were also encapsulated in the polymer matrix to obtain 

films but their intensity of emission was much lower than 
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the QRs and QRods as seen in the figure 22. This was done 

to compare the intensities of all the three QNCs under UV 

illumination. Clearly in the image we can see that the 

emission produced by the QRs and QRods is much brighter 

when compared to the QDs. Out of the three QRs is the 

brightest, then the QRods and then the QDs. QRs emitted 

green, QRods emitted orange while QDs emitted a faint 

luminescence of yellowish orange.  

 

 

 

 
 

 

 

 

 

 

 

 

Figure 24: Polymeric films of PVA containing QDs, QRs and QRods under 
UV illumination at an excitation wavelength of 365nm.  

These films above are made in PVA. Flexible films were 
made too in PDMS as mentioned before. These films could 
be easily peeled off and separated from the glass slides. The 
PVA films could also be removed from the glass slides, but 
in that case the films were more brittle and would break off 
easily compared to the PDMS ones. The PDMS films could be 
made of different shapes as desired.  

 

QDs QRs QRods 
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Figure 25: Polymeric films of PDMS containing QDs, QRs and QRods under 
UV illumination at an excitation wavelength of 365nm (top) and 405nm 
(bottom).  

 
Confocal Microscopy: After observing the luminescence of 
the films under the UV lamp, we decided to quantify the 
luminescence in them. For this we used the confocal 
microscopy. This was because the confocal microscopy 
could be easily done on the glass slides and there was no 
need to peel off the film from them. Moreover, the laser used 
to excite in confocal microscopy was 405nm and 488nm 
which is well in accordance with the absorption wavelength 
of these QNCs. Also, the wavelength of 488nm 
corresponded with the one of the values of wavelength used 
for calculating the QY.  
In the confocal microscopy we could obtain the emission 
from the QNCs embedded within the films very well. The 
QRs and the QRods showed the emission at the exact 
wavelength at which we obtained their emission when 
suspended in ethanol.  
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Figure 26: Confocal Microscopy of polymeric film of PVA containing QRs 
in them. 

 

Figure 27: Confocal Microscopy of polymeric film of PDMS containing QRs 
in them. 

Different regions on the film was illuminated using the 
lasers from the confocal microscope and their emissions 
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were checked. All of the wavelengths coincided with each 
other. The intensities of the emission varied a little. This 
was due to the non-uniform distribution of the QRs inside 
the films. The regions with more concentration or 
aggregates of the QRs showed more intense emission than 
the regions containing less amount of the QRs in them. The 
emission was also recorded for the PDMS films.  

Similar confocal microscopy was done for the QRods too. 
Their emission wavelength also matched with their 
emission in suspension, Further, a comparative study was 
done regarding the emission of the films containing QRs, 
QRods and QDs in PVA. We compared the intensities 
obtained by each film. We plotted them together by 
normalizing the obtained intensity and we could clearly see 
the difference in the emissive properties of these QRs and 
QRods than to the QDs. The emission was also compared in 
suspension and even there the emissions of the QRs and 
QRods were superior and even here it was the same story. 
So, we could quantitatively agree that these new QNCs had 
superior emissive properties to the QDs used in water so 
far. 

 

Figure 28: Confocal Microscopy of polymeric film of PVA containing QRods 
in them.  
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Figure 29: Confocal Microscopy of polymeric film of PDMS containing 
QRods in them.  

 

Figure 30: Confocal Microscopy of polymeric films of PVA containing QDs, 
QRs and QRods for comparison of their emission intensities inside the film.  
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4.4. Electroluminescence Studies 

After succeeding with the PL studies of the QRs and QRods 
in the polymeric films we wanted to test their 
electroluminescence (EL) properties. As described earlier 
the films were deposited using doctor blading on the 
conductive surface of the ITO coated glass slides. Then on 
completely drying the films the contacts were made of the 
eutectic mixture.  

Then these samples were used to test the EL using the 
positive contact on the ITO and the negative contact on the 
eutectic mixture. With this improved way of measuring the 
EL, we could obtain the EL emission of these QNCs. The EL 
properties were not as remarkable as compared to the PL 
properties obtained by these QNCs, but they could be easily 
obtained using this method of measurement. The reduction 
in the EL intensity may arise due to the non-conducting 
polymeric film surrounding the QNCs, which could have 
hindered the passage of current. The EL peaks were slightly 
redshifted than the PL peaks by around 10nm. The 
intensities of these peaks were low compared to standard 
EL emitting species and further work needs to be done to 
improve this aspect of these QNCs. The EL peaks were 
visible after 10V of current applied. The recorded spectrum 
is shown at 12V and 15V. The need to apply higher voltage 
is due to the insulating behavior of the polymer matrix in 
which the QNCs were embedded for the EL study. Efforts 
were made to increase the conductivity of the polymer 
matrix by adding graphite into the polymer along with the 
QNCs and then depositing the films. But due to the black 
color of the graphite, the emission was hindered, though the 
conductivity increased. To be able to overcome this we used 
NaCl as the next ingredient to obtain higher conductivity 
and also to get better emission as was seen in the previous 
samples. The NaCl did not increase the conductivity as 
graphite had but it did not suppress the emission as 
graphite either. We tried to test with these new samples, but 
even here the emission got diffused due to the presence of 
the salt inside the polymer matrix. We need to do further 
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work on this to improve the EL emission of these films so 
that they could be used for display purposes in the future.  

 

Figure 31: Confocal Microscopy of the PVA film containing QRs and NaCl. 
The emission does not give a particular peak as the salt diffuses the 
emission. 

 

Figure 32: Electroluminescence of the QRs and QRods inside the 
polymeric film of PVA.  



3.1.3. Quantum Rods and Rings in Water 

 

33 

 

4.5. Thickness of the Films 

The thickness of the films was measured using the optical 
techniques and not the profilometry because the films were 
highly photoluminescent. The confocal microscopy was 
used to study the thickness of these films by using z-
stacking from the reflection of the films when irradiated by 
the laser. According to the calculations the films were 
around 60-80 micrometres thick. The 3D images of the 
pictures were obtained and each film was composed of 
either 21 to30 slices stacked together and showed quite an 
homogeneous distribution of the QNCs in them in all the 
slices.  

 

Figure 33: Confocal microscopy images of the Polymer films containing 

QRs. It shows an even distribution of the QRs throughout the films.  

 

Figure 34: Confocal microscopy images of the Polymer films containing 
QRods. It shows an even distribution of the QRods throughout the films. 
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5. Conclusions 

 

A simple hydrothermal method has been developed to 
produce distinct quantum morphologies: QRs, QRods and 
Quantum Horseshoes. The reagents utilized are those 
commonly mentioned in the synthesis of CdSe QDs in 
aqueous preparations. The key points to produce the 
distinct quantum morphologies are the ratio Cd:Se that is 
considerably leaning in favor of Cd with regard to the 
typical 2:1, the T near 160ºC, the fast T rise achieved with 
good isolation of the setup, and the play with the 
endogenous pressure and pressure release of the reaction 
vessel.  The success in obtaining the distinct morphologies 
is due to the interplay of these parameters. Moving away 
from the found parameters leads to QDs or to non-
luminescent materials. The materials produced are easily 
isolatable; display highly bright PL and high QYs. These 
QNCs can be stored in powdered solid form, as well as in a 
suspension with ethanol, toluene or water. With no 
exception, the QRs and the QRods are far brighter than the 
corresponding QDs produced in similar conditions but at 
lower T. The QRs and QRods have been dispersed in 
polymeric matrices and the PL characteristics have 
remained unaltered for months, as is the case in solutions.  
Furthermore, they do show considerable EL and this can be 
further improved with better conductivity achieved within 
the polymer matrix without hindering the emission of these 
materials.  
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3. Results and 
Discussions Part 2 
 
  

3.2.1.  Nano-
Hybrids for Cancer 
Therapy 
The potential biomedical applications of the 
MNP nanohybrids coated with m-
carboranylphosphinate(1-MNPs) as a theranostic 
biomaterial for cancer therapy was tested. The 
studies of colloidal stability of the 1-MNPs’ 
suspension in different culture media and 
temperatures were carried out before testing 1-
MNPs’ in vitro toxicity. The cellular uptake and 
toxicity profile of meta carboranyl phosphinate-
MNPs from culture media by human brain 
endothelial cells (hCMEC/D3) and glioblastoma 
multiform A172cell line was demonstrated. 
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1. Introduction 

Nanoparticles (NPs) are solid colloidal particles having 
dimensions in the range of 10 to 100 nm. [1] NPs have now 
become the primary materials to be used in biomedical 
applications as they offer many advantages over larger 
particles such as an increased surface to volume ratio and 
increased electric, optical or magnetic properties. [2] NPs are 
used in the form of nano-systems for biological applications. 
Not just NPs but combination of NPs with other materials 
forming hybrid nano-systems, being used for biological 
studies have become a new trend in the field of research. In 
recent years, there has been a steadily growing interest in 
using these nano-systems in different biomedical 
applications such as targeted drug delivery, hyperthermia, 
photoablation therapy, bioimaging and biosensors. [3,4] Out 
of the numerous nano-systems and NPs, much of the focus 
has been on iron oxide nanoparticles (SPIONs) because of 
their superior chemical, biological and magnetic properties 
including chemical stability, non-toxicity, biocompatibility, 
high saturation magnetisation and high magnetic 
susceptibility.[5-8] These properties allow for its use in many 
biomedical applications: bioimaging[9–12], hyperthermia 
[13,14], drug delivery [15-18], cell labelling [19,20] and gene 
delivery [21,22]. Not just SPIONs, it has also been reported 
that other magnetic nanomaterials such as Fe–Co, Cu–Ni, 
Fe–Ni, Co–Fe2O4 and Mn–Fe2O4, nanoparticles are being 
investigated for use in bioimaging [23-26], hyperthermia [27-29] 
and drug delivery [30-32] as possible alternatives to SPIONs. 
[4] Nanomedicine results from these NPs or nano-systems. It 
is one of the most promising areas in science and 
technology by the convergence of various disciplines with 
the aim of taking advantage of the original and unique 
properties of nanomaterials toward improved diagnostic 
and therapeutic strategies in medicine in today’s world. The 
main area in which nanomedicine is currently applied is 
cancer therapy 
where major research has been developed. Here, in this 

chapter we discuss about SPIONs with boron clusters 
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forming a new type of nano-hybrid system for use in cancer 

therapy. This kind of a hybrid system has not been studied 

before and it was specifically to be tested for a new kind of 

therapy called Boron Neutron Capture Therapy (BNCT).  

1.1. Magnetic Nanoparticles (MNPs) 

SPIONs are the most researched and commonly used 
materials for biomedical applications as mentioned in the 
start. Its popularity is due to unique chemical, biological and 
magnetic properties as mentioned. [5–8] The MNP is 
composed of a single magnetic domain if its size decreases 
below a critical limit. It displays superparamagnetic [33, 34] 
behaviour as long as the temperature is above the blocking 
temperature (TB). In the superparamagnetic state, the 
magnetic moments of the nanoparticles fluctuate around 
the easy axes of magnetization. Thus, each one of the MNPs 
will possess a large magnetic moment whose orientation is 
continuously changing. When a magnetic field is applied, 
MNPs in the superparamagnetic state display a fast 
response to the changes of the magnetic field without 
remnant or residual magnetization and without coercivity. 
This plays an extremely important role in the various 
applications for which they are used. Iron oxide has 
different oxidation states including iron (II) oxide (FeO), 
iron (III) oxide (Fe2O3) and iron (II, III) oxide (Fe3O4). Iron 
(III) oxide (Fe2O3) has different crystalline polymorphs α-
Fe2O3, β-Fe2 O3, γ-Fe2O3 and ε-Fe2O3. It was found that out of 
all the different forms, maghemite (γ-Fe2 O3) and magnetite 
(Fe3O4) are the most biocompatible ones. Out of these two 
though, magnetite (Fe3O4) is the most commonly used form 
for biomedical applications.[3] However, this form of iron 
oxide has a tendency to oxidise so coating with a 
biocompatible shell is required. Some examples of coatings 
include polymers [35,36], ceramics [37,38] and metals. [15] 
Coating with a shell offers many advantages such as it 
prevents agglomeration and helps with further 
functionalisation and conjugation to proteins, enzymes, 
antibodies, anticancer drugs etc. Iron oxide nanoparticles 
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have been investigated for use in magnetic hyperthermia 
treatment [13,14], targeted drug delivery [30-32] and contrast 
agents in magnetic resonance imaging (MRI) [39,40]. The 
magnetic properties of iron oxide nanoparticles can be 
improved by doping with magnetically susceptible 
elements such as manganese (Mn), cobalt (Co) and nickel 
(Ni). [41] MNPs used in this chapter is Fe3O4 and it is coated 
with m-carboranyl phosphinate and they are referred to as 
1-MNPs. This is a ligand to be used in conjugation with the 
MNPs. In the next section, there is a short discussion on the 
commonly used ligands to coat MNPs and also the common 
synthetic routes used to synthesize MNPs having a magnetic 
core and an organic/inorganic shell.  
 

1.2. Commonly used Coatings and Ligands 

The main aspect to consider when designing nanomaterials 
for medicine is biocompatibility. This feature is achieved by 
the selection of biomaterials or synthetic non-toxic 
materials which provide a platform for in vivo applications. 
The MNPs need to be coated with a shell or ligands which 
can act as a barrier between the magnetic core of iron oxide 
and the environment in which it will be used. The shell also 
helps in dispersing it in different media and water at a range 
of pH. Plus, the surface plays an important role in effective 
interfacing with the biological systems. Thus, there is a huge 
need of surface coatings in the form of ligands or shell of 
different organic or inorganic materials for their use in 
biological systems. There are two ways the MNPs are 
coated, 1st during the synthesis in-situ and 2nd after the 
synthesis process. The most common ones used are listed 
below: 
• Organics: dextran, starch, poly(ethylene glycol), 
(PEG), poly (d,l-lactide) (PLA), polyethylenimine (PEI), 
especially for hydrophilic organic materials. These organic 
materials are elected because of their hydrophilic 
properties which are mandatory for a good dispersion in 
aqueous media.[42] 
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• Small molecules with functional groups: Smalls 
molecules having functional groups such as –OH, –COOH, –
NH2 or –SH. Their role is to provide anchorage for further 
attachment of biomolecules or drugs to specific biomedical 
applications. Protection of the magnetic component has 
been achieved by coating with oleic acid, for example [43,44]. 
Oleic acid can be used even at high temperature to obtain 
stable iron oxide nanoparticles. This coating does not affect 
the magnetic behaviour of resultant nanoparticles [45]. 
Amino acids, citric acid, and vitamins are small molecules 
very useful for the synthesis of water-soluble magnetic 
nanoparticles. In some cases, in which the resultant 
formulation is stable but not aqueous soluble due to coating 
with hydrophobic small molecules, ligand exchange 
procedure is used to change polarity [46]. 

 
• Polymers (sub part of organics): A large number of 

either natural or synthetic polymers can be employed for 
the coating of magnetic nanoparticles. Polysaccharides in 
general, gelatin, alginate, polyethylene glycol (PEG), poly(d, 
l-lactide) (PLA), and chitosan are being extensively studied, 
among others, for biomedical applications—especially, as 
drug targeting and contrast agents. Biocompatibility is the 
main feature to achieve on these systems to ensure the 
expected applications.[47] 
 

• Biomolecules: Coating with biomolecules has 
emerged especially for biological separation, detection, and 
sensors. Enzymes, antibodies, and proteins in general are 
biomolecules feasible to bind to nano-iron oxides [48]. 

 
• Inorganic materials: Improving the stability in 

dispersion or solution is one of the most intended 
challenges to achieve by coating with inorganic materials. 
For biomedical applications, this kind of functionalization 
enables the binding of biological ligands to iron oxide cores. 
Metal oxides and silica are examples of inorganic coating 
agents.  
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• Different Coatings: Other coatings made of carbon 
are currently being studied due to chemical and thermal 
stability as well as conductivity. Metallic nanoparticles are 
also under investigation as coating materials. Gold (Au) and 
Silver (Ag) are the most common metals employed, but 
further research is required to improve stability of the 
obtained nano-systems. 
 

1.3. Common Synthetic Routes for MNPs 
 

The synthetic routes for core MNPs are usually divided with 
regards to the medium or the number of steps involved in 
the procedure. Aqueous routes are low cost and sustainable 
methods and render water dispersible nanoparticles, which 
are in general desired for biomedical applications 
considering blood and plasma features in terms of 
hydrophilicity. Non-aqueous routes render nanoparticles 
soluble in non-polar solvents. These systems are of interest 
for encapsulation of lipophilic drugs although they involve 
functionalization strategies to disperse them in 
physiological media. The other classification of synthesis 
procedures for nano-magnetic cores lies in one-step or 
multi-step procedures. This classification is important to 
consider for the preparation of MNPs depending on 
environment and available instruments and facilities at 
disposal in the laboratory. All the methods present 
advantages and disadvantages. The election of a specific 
methodology depends on the final properties of the desired 
product. [42]  

• Co-precipitation Method 
• High temperature thermal decomposition method 
• Hydrothermal and Solvothermal method 
• Sol-Gel reactions and Polyol method 
• Microemulsion 
• Sonolysis and Sonochemical method 
• Microwave assisted synthesis 
• Biosynthesis 
• Other methods (Electrochemical method, Flow 

Injection method and Spray Aerosol technology) 
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The method used here for MNP synthesis is co-
precipitation[49] method. The co-precipitation method is 
favoured because it is simple and easy to be done and helps 
to obtain MNPs in water medium. The key in this synthesis 
lies in controlling the pH and temperature of the reaction to 
obtain different sizes of the MNPs. 
 

1.4. MNPs in biological studies and BNCT 
 
Biological studies: There are a lot of aspects that needs to be 
considered before designing MNPs for biomedical 
applications. The typical structure of MNPs intended to be 
used in medicinal purposes, consists of functionalized 
magnetic core. The feasibility of targeting a specific site of 
the body by the influence of a magnetic field turns these 
nano-systems into promising agents for localized treatment 
of diverse pathologies. Size of these MNPs is of key 
importance in order to pass through the endothelium, 
which is the barrier they have to cross in blood vessels to 
arrive at the organs and tissues as well as to penetrate cell 
membranes to achieve targeted cells. 
The biodistribution of SPIONs has been studied with 
respect to size. Size ranges from 30nm to 100nm has been 
studied in mice and it was noticed that the larger MNPs 
distributed themselves in the liver [50]. Others studies 
focused on nanoparticles with size around 200 nm also 
demonstrated the liver as the responsible organ for first 
uptake after administration [51,52]. Other than the size, 
surface coating and surface charge also determine the 
distribution of the MNPs within the biological medium. 
Surface charge is an important property which influences 
the biodistribution of magnetic nanoparticles. Neutral 
nanoparticles would be most adequate by their trend to 
avoid reticuloendothelial system capture. Zeta potentials 
near 0 mV on the surface are feasible to decrease 
opsonization [53]. On the other hand, positively charged 
MNPs have shown a rapid clearance by liver, diminishing 
the time of blood circulation, while negatively charged 
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MNPs presented an incremented blood circulating time 
with biodistribution profile similar to nearly neutrally 
charged nanoparticles [54]. Iron (III) ions are present in the 
human body, by this, maghemite results as one of the most 
suitable magnetic materials for biomedicine considered to 
not cause significant side effects. Anyway, the cellular 
accumulation of this metal is a topic of intense research to 
ensure safety and biocompatibility. Besides the 
development of much research on these materials, their 
application in biomedicine is limited due to the toxicity 
associated with the rare earth metals and transition metal 
clusters. Iron alloys are being widely studied as materials 
for targeting and image contrast for diagnosis [55]. FePt, 
FeAu, and FeAg are promising compositions intended for 
biological applications. 
 
Boron Neutron Capture Therapy (BNCT): Boron Neutron 
Capture Therapy (BNCT) is based on the nuclear capture 
and fission reactions that occur when the stable isotope 10B 
is irradiated with epithermal neutron beam radiation in 
clinical use, which become thermalized as they penetrate 
tissue.[56] BNCT,[57–63] is an alternative radiotherapy used 
for aggressive and infiltrating types of cancer that cannot be 
treated with surgery or standard radio or chemotherapy, 
and by drug delivery.[57,64] The theoretical advantage of 
BNCT is that it can selectively destroy tumour cells by 
infiltrating cancerous tissue with the requirement that 
sufficient amounts of 10B and thermal neutrons are properly 
delivered to the site of the tumor. [57-64] Clinical interest in 
BNCT has focused primarily on high grade gliomas and on 
recurrent tumours of the head and neck region who have 
failed conventional therapy. BNCT integrates the focusing 
approach of chemotherapy and the gross anatomical 
localization advantage of traditional radiotherapy, offering 
the ability to deposit an immense dose gradient between 
the tumour cells and normal cells.[65] For this, new and 
better boron delivery agents targeting cancer cells are 
needed for the clinical use. 
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Due to this, we needed a boron cluster attached to some 
nanocarrier for them to be used in this neutron capture 
therapy. However, only one example of o-carborane cage 
attached to MNPs through a long linker for cancer 
treatment can be found in the literature.[66] Among different 
surface coating o-carborane cages, 
carboranylphosphinates,[67] have many advantages due to 
their good affinity towards MNPs, their highly 
biocompatible tri-dimensional structure and their high 
boron content, which can be exploited for BNCT.  
Particularly in this work, the carborane derivative utilized, 
is m-carboranylphosphinate and its acid form that is 
mcarboranylphosphinic acid (Figure 1), which was recently 
reported.[67] The ligand is subjected to the properties 
bestowed by the m-carborane, though the most notable 
properties in reference to the results obtained in this work 
are the reduced tendency of the phosphinate coordinated 
group to be oxidized (a property which is uncommon 
among organic phosphinates), the spherical nature of the 
carborane (driving to space-filling efficiency) and the 
hydrophobicity of the carboranyl unit. 

 
Figure 1: Schematic representation of m-carborane, m-carboranyl 
phosphinic acid (H[1]), its sodium salt (Na[1]) and bidentate bridging 
coordination mode of [1]- onto the MNPs’ surface.  
 

The next sections deal with the synthesis of the new 
nanohybrid system merging boron clusters and the MNPs 
and their characterizations and study for their potential 
application in BNCT.  
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2. New 1-MNPs 
 
The new MNPs called 1-MNPs are synthesized and studied. 
The MNPs are initially synthesized using the classic co-
precipitation method. Then the 1-OPH(OH)-1,7-closo-
C2B10H11 (H[1]) is used to cover the surface of the MNPs. 1-
OPH(OH)-1,7-closo-C2B10H11 (H[1]) is synthesized as 
reported. [67] The detailed synthesis procedure is given 
below. 
 

2.1. Synthesis of the 1-MNPs 
 
1-MNPs: The synthesis of MNPs coated with meta-
carboranylphosphinate (1-MNPs) was performed in two 
steps as follows:[68]  

• Preparation of the core MNPs: It was synthesized 
using the aqueous co-precipitation method using an inert 
atmosphere of nitrogen. This method, which is the 
concomitant precipitation of Ferrous and Ferric salts in 
alkaline aqueous solution, is the most widely applied 
synthesis route for the synthesis of MNPs as described 
above. FeCl2 and FeCl3·6H2O salts were dissolved in a 1:2 
ratio in deionized and degassed water at room temperature. 
After stirring for 20 minutes, [NH4]OH aqueous solution (30 
wt.%) was added at once to the above mixture under 
vigorous stirring. Immediately a black suspension was 
formed, which suggested the formation of the magnetic 
nanoparticles. The reaction mixture was then stirred 
vigorously for 2 hours. The precipitate was isolated from 
the aqueous solution by magnetic decantation and washed 
with distilled water three times.  

• Functionalization of the MNPs with meta-
carboranylphosphinate: A saturated solution of 1- 
OPH(OH)-1,7-closo-C2B10H11, H[1], in H2O was added. Next, 
the mixture was sonicated for 2 hours. The 1-MNPs were 
separated from the aqueous solution by magnetic 
decantation, washed with distilled water three times and 
dried at 80oC for 6 hours in vacuum.  
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Preparation of 1-MNPs aqueous suspension at the 
physiological pH: A stable 1-MNPs (0.5 mg/mL) colloidal 
aqueous dispersion was prepared as follows. 1-MNPs (5 mg) 
were re-dispersed in deionized H2O (10 mL) containing 1 µL 
of [NMe4]OH by using ultrasonication. The as-prepared 
dispersion had a pH of about 5.5-6.5, and then the pH was 
adjusted to 7.3-7.5 by using additional [NMe4]OH aqueous 
solution. The corresponding vehicle media used in control 
conditions consisted of equal content of m-
carboranylphosphinic acid (H[1]) and [NMe4]OH as in a 1-
MNPs colloidal suspension. 

 

 
Figure 2: Schematic representation of the synthesis procedure for the m-
carboranylphosphinate capped MNPs and their preparation in the 
physiological pH. 
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3. Characterizations 
 
The prepared 1-MNPs were characterized using multiple 
techniques. For their morphology and size, they were 
studied using the Transmission electron microscopy (TEM). 
The gaussian size graphs were plotted from the TEM 
images. Their chemical composition was studied primarily 
using Infra-red (IR) studies, Energy Dispersive X-ray (EDX) 
analysis, X-ray Photoelectron spectroscopy (XPS) and 
Electron Diffraction. 
 

3.1. TEM and Size 
 
TEM Studies: The TEM studies were done in JEOL JEM 1210 
at 120kV on a copper grid by drop-dry method. The 1-MNPs 
showed perfectly spherical structure and morphology. They 
were quite uniformly formed (Figure 3). The magnetic 
properties of nanoparticles depend upon their physical 
structure: the size and the shape of the particles, their 
microstructure and the chemical phases in which they are 
present. Moreover, the biological behaviour of magnetic 
nanoparticles also strongly depends upon their size and 
shape as well as their polydispersity, charge and nature of 
the coating.  
Since the size and shape is of importance to obtain good 
magnetic nanoparticles and also for their further 
applications, their size was studied using gaussian size 
graphs from the TEM micrographs. Mean particle diameters 
(ØTEM) were statistically calculated for each sample by 
counting 200 particles and fitting the particle size 
histogram from three different batches prepared following 
the same way of synthesis to a Gaussian function, producing 
a mean particle diameter of 7.6 ± 0.6 nm (Figure 4). The 8 
% polydispersity indicates the narrow particle size 
distribution, although meta carboranyl phosphinate-MNPs 
were prepared by the aqueous co-precipitation method. 
Usually the size distribution with the co-precipitation 
method is not so narrow, but due to the presence of the m-
carboranylphosphinate coating, the 1-MNPs have a very 
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uniform size distribution and shape. Also, there was not 
much change observed in the size or the shape of the 
particles after the change of the pH. The co-precipitation 
method is heavily dependant on the pH of the reaction and 
needs to be strongly alkaline but when these 1-MNPs were 
dispersed in an aqueous solution and the pH was 
maintained between 7.2 to 7.5, the size and shape of the 1-
MNPs did not show any change thus showing that these 1-
MNPs were quite stable after they were formed. 

a. b.  
Figure 3: TEM image of the (a) 1-MNP after synthesis and coating with m-
carboranyl phosphinate and (b) after the preparation of the 1-MNPs in 
physiological pH.  
 

 
Figure 4: Gaussian size graphs for the 3 different batches of the 1-MNPs 
showing the average particle size distribution. 
 



3.2.1.  Nano-Hybrids for Cancer Therapy 

 

14 

 

3.2. Chemical Composition Studies 
 
The chemical composition was studied using the IR, EDX 
XPS and Electron diffraction. 
IR Studies: The IR spectra of the ligand, 1-MNPs 
(functionalized), and the nonfunctionalized core of MNPs 
are shown in Figure 5 on a PerkinElmer Universal ATR 
Accessory. The presence of absorptions at 2594 cm−1 in 
both of the pure m-carboranylphosphinic ligand and 1-
MNPs, due to B−H stretching, dominates the IR spectra and 
supports the presence of a closo-carboranyl cluster 
structure in the molecules as well as on the surface of 1-
MNPs. It is worth noting that the P=O stretching band of the 
phosphinate group, which was present at 1210 cm−1 in the 
spectrum of the ligand only, is absent in the spectrum of 1-
MNPs, but two new bands at 1189 and 1068 cm−1 appeared, 
which are ascribed to the asymmetric νas(POO−) and 
symmetric νs(POO−) stretch of the coordinated phosphinate 
group (Figure 5). This result revealed that the ligand was 
chemisorbed onto the surface of the nanoparticles as a 
phosphinate bi-dentated bridging ligand coordinated to the 
iron atoms of the iron oxide super paramagnetic 
nanoparticles (Figure 1). In addition, the IR spectrum of 
pristine MNPs shows a peak at 1629 cm−1 that remains in 
the 1-MNP spectrum and is associated with coordinated 
water to the Fe centres of the core. 

 
Figure 5: IR Spectra of (a) ligand (b) 1-MNPs and (c) only MNPs. 
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EDX Studies: EDX analysis was further performed in SEM 
QUANTA FEI 200 FEG-ESEM device to further find the 
presence of phosphorus and iron in the sample. This would 
prove the presence of the boron cluster surrounding the 1-
MNPs. Phosphorus was detected by EDX analysis (Figure 6) 
proving that 1 was coating the MNP surface with an atomic 
composition for 1-MNPs of 92.89% and 7.11% for Fe and P, 
respectively. This corresponds to a ratio 13:1 (Fe/P), 
indicating that the composition of the 1-MNPs can be 
referred: (1-OPH(O)-1,7-closo-C2B10H11)8(2Fe3O4·Fe2O3)13. 

 
Figure 6: EDX spectrum of 1-MNPs. It clearly shows the presence of P and 
Fe in the samples. 
 

We did a geometrical calculation on the surface coverage of 
the Carboranyl phosphinate ligands (CarbPhos) on the 1-
MNPs using the EDX data and geometrical assumption of 
the close square packing of spherical carborane ligands on 
the spherical core of 1-MNPs. 
 
Geometry calculations: At first, we did an estimation of how 
many carboranyl phosphinate can cover the surface of the 
1-MNP core, considering the 1-MNP core and the carborane 
cluster as ideal spheres, and that the carborane clusters 
have a square packing onto the surface of 1-MNP core.  
Dimensions of meta-carboranylphosphinate was measured 
from its crystal structure, and determined as 0.5 nm 
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(Øcarbphos) as the diameter for carborane cluster “sphere” 
and 0.7 nm (L) in length including the phosphinate group. 
The diameter of the core of 1-MNP NPs was found 
subtracting the two lengths of carbPhos ligand, 2L, from 
mean diameter of 1-MNP NPs found by TEM, 
 
ØTEM = 7.6 ± 0.6 nm, which resulted to 6.2 ± 0.6 nm. It was 
considered as Ø1. 
So R1= Ø1/2, R1= 3.1 ± 0.3 nm;  
Now, Ø2 = ØTEM – 2(L-1/2ØcarbSH) = 6.9 ± 0.6 nm, So, R2= 
Ø2/2=3.45 ± 0.3 nm. 
 
Now in order to calculate the surface area we need to use 
the formula for surface area of sphere which is 4πr2. 
A2= 4πR22 = 176.68 ÷ 124.66 nm2 (150.67 + 25.67 nm2) 
A2 is the surface area of the core. For square packing we 
need to calculate the area of carboranyl phosphinate  
AcarbPhos= ØcarbPhos2= 0.5 x 0.5= 0.25 nm2 
nmax (maximum number of CarbPhos that can cover the 
surface of the 1-MNP Core with a diameter of 6.2 + 0.6nm) 
= A2/AcarbPhos= 706.72 ÷ 498.64 (602.68 + 104.04) 
Now, in order to determine the surface coverage values 
from EDX results we do the following calculations: 
 
Surface calculations: We already know the At % ratio of Fe:P 
is 13:1 from the EDX results. Using chemical titration for 
these as mentioned in reference 68, we know the 
composition of these 1-MNPs is Fe8O11. Using the 
composition, the At % ratio of Fe:P is now 1.625:1. Now 
from the geometrical calculations we know the exact 
diameter (d) of the 1-MNP core is 6.2 + 0.6nm. So, the mass 
of the core is calculated from here (mMNPs) 
 
mMNPs= (1/6)πd3ρMNPs (where d is the diameter of the 1-
MNP core and ρ is the true density of MNPs) 
mAu= (1/6) x 3.141 x (6.2 + 0.6)3 x 5.175 g/cm3= (66.4 + 
19)E-20g 
MoleMNPs= mMNPs/M2Fe3O4.Fe2O3= NFe8O11/NA,  
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where M2Fe3O4.Fe2O3 is the molecular weight of 
magnetite/maghemite couple which is 622.75 g/mol, 
NFe8O11 is the number of Fe8O11 units that contains one NP 
core with the diameter of 6.2 + 0.6nm and NA is the 
Avogadro number. 
 
So now, NFe8O11=mMNPs x NA/MFe8O11= 642 +  182  
Now taking into account the ratio obtained in the EDX 
spectrum for Fe:P as 1.625:1, each nanoparticle bears 
ncarbPhos = NFe8O11/1.625= 395 + 112  
Therefore, from here the saturation of the surface of the 1-
MNP core with CarbPhos in terms of % can be calculated 
with respect to the maximum number of CarbPhos that we 
estimated from the geometrical calculations. 
ScarbPhos= ncarbPhos/nmax x 100%= 65.5% (ignoring the error 
factor). 
 
So, by these calculations we can deduce an approximate 
surface coverage % of the carboranyl phosphinate on the 1-
MNP core of 6.2 + 0.6 nm diameter. The coverage is 
approximately 65%. 

 

XPS Studies: XPS analysis was performed in a Phoibos 150 
analyzer (SPECS GmbH, Berlin, Germany) under ultrahigh 
vacuum conditions (base pressure 4 × 10−10 mbar) with a 
monochromatic aluminum K alpha X-ray source (1486.74 
eV). The energy resolution as measured by the fwhm of the 
Ag 3d5/2 peak for a sputtered silver foil was 0.8 eV. The 
high resolution XPS analysis performed on 1-MNPs (Figure 
7) displays peaks at 189 and 133 eV, which are 
characteristic of a B−B and P−O bonds (Figure 7b,c), 
confirming the presence of m-carboranyl and phosphinate 
groups as well as the peaks at 711.2 and 724.9 eV indicating 
Fe in the Fe3O4 phase at the MNP core (Figure 7d). 
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Figure 7: XPS spectra of (a) 1-MNPs, (b) zoomed portion of B 1s region, (c) 
zoomed portion of P 2p region and (d) zoomed portion of Fe 2p region. 
 
 

Electron Diffraction Studies: The electron diffraction of 1-
MNPs were done on the 
TEM grid and it showed 
well-defined diffraction 
rings confirming that the 
particle core composition 
is made of a 
magnetite/maghemite 
spinel structure (Figure 
8). The line profile was 
fitted for six observed 
rings on the diffraction 
pattern with the following 
Miller indices: (220), 
(311), (400), (422), (511), 
and (440). The electron 
diffraction pattern showed quite good crystalline pattern 
for the 1-MNPs.  
 
 
 

Figure 8: Electron diffraction 
pattern of 1-MNPs. 
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3.3. Hysteresis Study 
 
Magnetic characterization of 1-MNPs was carried out in a 
Superconductive Quantum Interference Device (SQUID) 
magnetometer (Quantum Design MPMS5XL). 
Magnetization vs magnetic field measurements were 
performed at 300 K and 5 K in a field 6 T. Zero-field cooling 
(ZFC) and field cooling (FC) temperature dependent 
magnetization measurements were carried in a field of 50 
Oe. The samples were prepared using a polycarbonate 
capsule filled with 1 mg of 1-MNPs and compacted cotton.  
 
The magnetic property of iron oxide (Fe3O4) nanoparticles 
is dependant on the distribution of Fe ions in octahedral and 
tetrahedral sites of the spinel structure.[69] The magnetic 
spins of the ions in the octahedral sites are 
ferromagnetically coupled to each other and 
antiferromagnetically coupled with tetrahedral sites. 
Because the number of Fe3+ ions in the octahedral sites and 
the tetrahedral sites are the same, their magnetic spins 
cancel each other. Consequently, the magnetic spins of only 
Fe2+ ions in the octahedral sites contribute to the net 
magnetic moment in a spinel structure. 
However, Fe2+ can be oxidized upon harsh conditions of 
temperature, moisture, and oxygen, as these that can be 
found in an autoclave for sterilization. Thus, one important 
point to be addressed in the use of MNPs for medical 
applications and consequently, on their autoclave 
sterilization for their application on cultures is to learn the 
fate of the MNPs and their ligands, particularly what occurs 
to Fe2+ upon the autoclave sterilization process, and to this 
purpose it is necessary to learn the fate of functionalized 
MNPs at room temperature and after the autoclave 
sterilization process. In order to test the viability of these 1-
MNPs for use in biological applications, hysteresis 
measurements of freshly prepared 1-MNPs were done 
(Figure 9). Figure 9a and b show a typical magnetization 
curve at 300 K for superparamagnetic nanoparticles in 
which neither remnant magnetization (magnetization at 
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zero field, MR) nor coercivity (hysteresis loop, Hc) were 
observed. The saturation magnetization value of 1-MNPs at 
300 K was 65 emu/g, which indicates a high degree of 
crystallinity which was also seen with the distinct electron 
diffraction pattern. 
As expected, saturation magnetization was higher at 5 K (76 
emu/g 1-MNPs). Super paramagnetism was also proved by 
the ZFC−FC magnetization curves (Figure 9c). The ZFC 
increased with temperature until reaching the maximum 
value corresponding to the blocking temperature (TB) at 
111 K. The FC curve increases as the temperature decreases 
and never reaches saturation at low temperature, 
suggesting that inter particles’ interactions do not 
significantly affect the relaxation dynamics. These studies 
were done with the 1-MNPs before autoclave sterilization. 

 
Figure 9: (a) Hysteresis cycle for meta carboranyl-MNPs at low 
temperature (5K) and at room temperature (300K), (b) Zoomed image of 
the hysteresis cycle of the meta carboranyl -MNPs, (c) ZFC and FC curves 
of meta carboranyl -MNPs at 50 Oe and (d) Hysteresis cycles of 1-MNPs at 
low temperature (5K) and at room temperature (300K) before (blue) and 
after (red) autoclave sterilization. 
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On the other hand, very less information is available on 
MNPs after sterilization in the autoclave, though it is 
necessary to be known for their use in medical applications. 
To test their viability for these applications, magnetic 
properties of meta carboranyl capped-MNPs were 
measured after the autoclave sterilization process. 
Magnetization curves of 1-MNPs before (blue) and after 
(red) the autoclave sterilization process at 5K and 300K as 
a function of the applied 6T magnetic field are displayed in 
Figure 9d. The graph demonstrates that the autoclave 
sterilization process does not produce significant changes 
on magnetic properties of meta carboranyl capped MNPs. 
The saturation magnetization value of meta carboranyl 
capped-MNPs at 300 K was 65 emu/g and 66 emu/g before 
and after autoclave sterilization, respectively. As expected, 
saturation magnetization was higher at 5 K (76 emu/g 
before and 80 emu/g after autoclave sterilization, 
respectively).  
 
 

4. Colloidal Stability Studies 
 
The hydrodynamic diameter (ØHYD) of 1-MNPs dispersed in 
water and in several biological media was investigated with 
a ZETASIZER NANO ZS (Malvern Instruments Ltd) 
equipped with a He-Ne 633 nm laser using 1 mL of particle 
dispersion in a disposable plastic cuvette. Measurements 
were run in triplicate at ambient temperature and at 37°C 
for samples in biological media. Number of scans was set up 
in automatic mode. Laser Doppler Micro-electrophoresis is 
the technique used to measure zeta potential. The zeta 
potential of a colloidal suspension in aqueous media was 
obtained by filling a disposable cell with 1 mL of the 
colloidal suspension. Measurements were run in triplicate 
at ambient temperature. Number of scans was set up in 
automatic mode. 
 
Colloidal Stability at different pH and before and after 
Autoclave Sterilization: The use of magnetic nanoparticles in 
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biological systems require a strict modulation on their 
mono-dispersity and size. This is because their biological 
properties are heavily influenced by the polydispersity 
index of these nanoparticles along with the size, shape, 
charge and the coating on the surface of these particles.  
Using the technique of Laser doppler microelectrophoresis, 
zeta potential can be measured in the nanoparticles which 
help in determining the surface charge. The zeta potential 
and the size which is measured by dynamic light scattering 
(DLS) needs to be done at different pH in order to see how 
the nanoparticles are while they are adjusted in the 
physiological pH. The pH of the solution was adjusted using 
aqueous [NMe4]OH solution (25 wt.%). DLS technique also 
provides information on the hydrodynamic diameter and, 
thus, on the colloidal behaviour of the 1-MNPs in a different 
environment. As the mean effective diameter of the 
particles depends on the size of the core, the size of the shell, 
particle concentration as well as the type of ions in the 
medium, the influence of pH on the stability of colloidal 
aqueous dispersion of 1-MNPs was studied and their results 
collected in Table 1. DLS analysis reveals that the 
hydrodynamic diameter radius of the particle increases 
when decreasing the pH, which indicates the particles 
aggregate when pH decreases. On the other hand, when pH 
is basic, the electrostatic repulsion force seems to be higher 
(ζ= -44 ± 5 mV), therefore the dimensions of the aggregates 
(ØHYD = 23 ± 11 nm) are closer to the size of particles 
determined by TEM (ØTEM) that is 7.6 ± 0.6 nm. At 
physiological pH, the size of aggregates are ØHYD= 45 ± 20 
nm and Zeta potential value, ζ= -30 ± 4 mV, that was enough 
to avoid the aggregation with further precipitation of 
colloid. This fact can be attributed to the negatively charged 
surface of the core of magnetic nanoparticles and by the 
hydrophobicity due to the carboranyl spheres coordinated 
to the surface Fe2+/3+ ions through the phosphinate binding 
sites.  
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Table 1: Hydrodynamic size, polydispersity index and zeta potential of 
meta carboranyl capped-MNPs at different pH. 
 

The colloidal behaviour of an aqueous solution at the pH 
range 7.4-7.6 of the 1-MNPs (0.5 mg/mL) that had been 
under autoclave sterilization process conditions (steam 
heated to 121 °C under pressure during 1 hour) were 
studied by DLS measurements. Figure 10 shows that the 
dimensions of the aggregates are the same before and after 
the autoclave sterilization and, as said earlier, the magnetic 
properties of 1-MNPs remain unaltered after the autoclave 
sterilization process. 
 

 
Figure 10: Hydrodynamic size by DLS before and after sterilization. 
 

Colloidal Stability of the 1-MNPs in different culture 
mediums: The stability of the colloidal dispersions of 1-
MNPs (50 μg 1-MNPs/mL) was studied by DLS in different 
culture media (DMEM-F12–1% FBS, DMEM-1% FBS, 
EGM2–2%FBS and RPMI) and as well as in phosphate-
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buffered saline (PBS) solution that contains inorganic salts 
(NaCl, Na2HPO4, KH2PO4, KCl) at different time intervals (10 
min. and 24 h.) and temperatures (r.t. and 37 °C). The 
results are on display in Table 2 and Figure 11. 
In all tested culture media, no precipitation was observed 
either after 10 min or after incubating 24 h at r.t. or at 37°C, 
while in PBS 1-MNPs sediment within 24 h at r.t. In the case 
of DMEM F12–1% FBS, 1% non-essential amino acids and 
1% antibiotics, and in RPMI the size of detected particles 
was close to the mean particle diameters determined by 
TEM, ØTEM = 7.6 ± 0.6 nm. In EGM-2 medium with 2%FBS 
and in DMEM-1%FBS 1-MNPs rapidly formed aggregates 
with hydrodynamic diameters in the range of 50-140 nm 
and 60- 170 nm, respectively, maintaining an invariable size 
for 24 hours. 
Comparing 
results at r.t. 
and 37°C, a 
slight increase 
in 
hydrodynamic 
diameters was 
observed in all 
culture media 
(Table 2). To 
know more 
about the 
stability of 1-
MNPs in PBS, 
DLS 
measurements 
at 10 and 30 
minutes as well 
as at 2, 4 and 8 
hours were 
conducted 
(Figure 12 and 
Table 3). 
 

Figure 11: DLS of meta carboranyl -MNPs in 
different culture media at different times and 
at different temperatures. 
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Table 2: Hydrodynamic size of meta carboranyl -MNPs at different 
temperatures and in different culture mediums.  
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Figure 12: Hydrodynamic size of meta carboranyl -MNPs at different times 
in PBS. 
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Time Size (nm) Zeta Potential 

10 mins 69.2 nm -18.1 
30 mins 71.48 nm -19.5 

1 hour 82.77 nm -21.8 
2 hours 90.53 nm -18.3 

3 hours 101.2 nm -19.7 

3.5 hours 107.8 nm -19.6 

4 hours 118.3 nm -20.8 

5 hours 158.9 nm -19.5 

6 hours 219.9nm -21.7 

6.5 hours 260.3 nm -21.1 

7 hours 291.8 nm -17.1 

8 hours 331.4 nm -13.1 

9 hours 447.4 nm -12.7 

14 hours 931.6 nm -10.9 

15 hours 948.4 nm -10.3 

 16 hours 953.3 nm -11.1 

18 hours 1050.5 nm -11.4 

19 hours 1132.6 nm -9.54 

20 hours 1129 nm -9.67 
22 hours 1217.23 nm -9.7 
24 hours 1232.7 nm -8.3 

Table 3: Hydrodynamic size and Zeta potential of meta carboranyl -MNPs 
in PBS at different time. 
  

The increase of the size of the meta carboranyl-MNPs in PBS 
was gradual and also the zeta-potential values showed that 
they were never really stable when compared to the 
stability of these meta carboranyl-MNPs in other culture 
media. After characterizing the meta carboranyl -MNPs, and 
then testing their magnetic properties and size and stability 
before and after sterilization in autoclave, and obtain the 
results to be satisfactory we can finally move on to test them 
in biological applications with in vitro and in vivo testing. 
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5. Biological Studies 
 
The conducted study overlaps nanoscience experiments 
(stability studies of coated MNPs with Boron clusters) with 
functional in vitro and in vivo experiments (cellular uptake 
and imaging, BNCT irradiation in glioblastoma cells, and 
nanohybrid biocompatibility in mice) including: Dynamic 
Light Scattering (DLS) and Zeta Potential; Superconductive 
Quantum Interference Device (SQUID) magnetometer 
(Quantum Design MPMS5XL); TEM of cells; preparation of 
1-MNPs aqueous suspension at the physiological pH; 
cellular uptake of 1-MNPs; cell viability assays; cell count; 
dried cells preparation for magnetization measurements, 
XPS, HRSTEM, EELS and EFTEM studies; cytoplasmic 1-
MNPs detection by Prussian blue and 1-MNPs visualization 
by Transmission Electron Microscopy (TEM); Magnetic 
Resonance Imaging (MRI); Boron and Iron determination 
by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) analysis; Cell irradiation and proliferation assays and 
“in vivo” 1-MNPs administration in mice.  
 

5.1. Cellular Uptake Studies 
 
The first step of the biological studies was to confirm the 
uptake of the sterilized meta carboranyl-MNPs colloidal 
suspension by the cultured cells (hCMEC/D3 or endothelial 
cells and A172 or glioblastoma cells). 1-MNPs (first 
sonicated for 10 minutes) were tested at concentrations 
varying from 0 to 100 µg/mL of total iron Fe2+/3+ or with 
vehicle solution ((equal content of m-carboranylphosphinic 
acid (H[1]) and [NMe4]OH as in a 1-MNPs colloidal 
suspension), and incubated at 37°C in a CO2 incubator and 
as follows: Brain endothelial cells (hCMEC/D3, 1x104 cells) 
were cultured in 24-well plates, and after 48 hours, cells 
were washed with PBS twice and treated with meta 
carboranyl-MNPs or vehicle at the concentrations described 
above. Finally, glioblastoma A172 cells were seeded in 24-
well plates (15x104 cells/well) and grown for 24 hours. 
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Afterwards cells were washed with PBS twice and treated 
with the indicated concentrations of 1-MNPs in DMEM-1% 
FBS. A172 and hCMEC/D3 cells were also treated with m-
carboranyl phosphinate from 0 to 7.5 mM in each 
corresponding basal media. All cells were incubated for 24 
hours with corresponding medium containing 1-MNPs or 
the m-carboranyl phosphinate in duplicate. Afterwards, cells 
were used to assess cell viability or to determine the 
intracellular uptake of the 1-MNPs  

 
Figure 13: Cell viability was tested after exposing brain endothelial cells 
(A), and Glioblastoma cells (B) to increasing doses of 1-MNPs and 
corresponding vehicle solutions for 24 h. Data are expressed as mean ±SD 
of n = 3/4 per condition; * P < 0.05 indicates differences vs. control media 
(dashed line). Right panels correspond to images of each cell line (a) and 
to iron deposits observed after Prussian Blue Stain (b, treatment dose 10 
μg/mL). 

 

As shown in the right panels of Figure 13, the Prussian blue 
stain enables us to identify the presence of intracellular iron 
after 24 h treatment with 1-MNPs. Cell viability assay also 
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shows that brain endothelial (hCMEC/D3) cells were more 
sensitive to meta carboranyl-MNP toxicity than 
glioblastoma A172 cells (Figure 13, A and B) since doses of 
25 μg Fe2+/3+/mL significantly reduced endothelial cell 
viability. The reduction in hCMEC/D3 viability could be only 
partially explained by the vehicle solution consisting in 
equal content of m-carboranylphosphinic acid (H[1]) and 
[NMe4]OH as in a 1- MNPs colloidal suspension, but 
certainly the 1-MNPs nanohybrid induced cell toxicity 
starting at 25 μg/mL. Under the same administered doses 
of 1-MNPs, glioblastoma A172 cells presented full viability 
as observed in Figure 13, B. However, higher doses induced 
cell toxicity to the cancer cells, maybe due to the acidity of 
m-carboranylphosphinic acid present in the vehicle 
solution. These results provide a proof of dose dependent 
effects of the 1-MNPs compound in normal tissue 
(endothelial) and tumour cells (glioblastoma) which are 
considered for further 1-MNPs loading experiments. 
 
Quantification of the cellular 1-MNPs uptake: To confirm the 
uptake of MNPs core by the A172 and hCMEC/D3 cells after 
6 or 24 h of incubation in the presence of 1-MNPs, the 
washed cells were dried, as described below and the 
magnetism measurements were run. Total cells collected 
from the cell count cultures were centrifuged at 1500 rpm 
for 5 minutes, then the cell pellet was suspended in 50 µL of 
each cell culture media, and transferred into a 
polycarbonate capsule to be dried at 60 °C using a speed 
vacuum centrifuge (1500 rpm for 1 hour). 
 
The results determine the amount of iron per cell and show 
a clear time and dose-dependent relationship with both 
endothelial and glioblastoma cell lines as shown in Figure 
14, A. Moreover, with the same dose of 1-MNPs (25 μg/ml) 
A172 cells presented larger cellular iron content than 
endothelial cells (6-fold and 4-fold increase after 6 and 24 
h, respectively) as shown in Figure 14, B, indicating a higher 
capacity of cellular load with iron oxides without toxic 
effects (Figure 14). These are interesting results suggesting 
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that by using low doses of 1-MNPs, glioblastoma cancer 
cells may be largely loaded with the 1-MNPs compound 
compared to other healthy neighbouring cells in the tissue 
such as endothelial cells. 

 
Figure 14: The amount of Fe2+/3+ per viable cell was determined after 
treating cells with increasing doses of 1-MNPs for 6 or 24 h. Bar graph (A) 
shows that the amount of Fe/cell was time- and dose-dependent in both 
cell lines. The tested glioblastoma cells (A172) were capable to uptake the 
largest amounts of iron at all sub-toxic tested doses (B). Data are expressed 
as mean ± SD pg Fe2+/3+/Cell of n = 3 independent experiments per 
condition. 

 
Cell visualization of meta carboranyl-MNPs uptake: The 
presence of cytoplasmic 1-MNPs core and its intracellular 
localization into hCMEC/D3 and A172 cells were visualized 
by TEM analysis in membrane-bound compartments 
matching with endosomal or lysosomal organelles (Figure 
15) at least 24 h after labeling, as described for other iron 
oxide compounds.[70-72] This result confirms the cellular load 
with the 1-MNP compound and confirms the cell dependent 
meta carboranyl-MNP load, being higher in A172 
glioblastoma cells.  
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For verifying the presence of cytoplasmatic MNPs core by 

TEM, cells were prepared as follows: cells were seeded in 25 

cm2 flasks, grown, treated with 1-MNPs for 24 h (for the 

hCMEC/D3 cells, [Fe] = 25 µg/mL; for the A172 cells, [Fe] = 

50 µg/mL), trypsinized, and collected by standard 

centrifugation. Then 1.5 mL of 2% glutaraldehyde in 

cacodylate buffer was added to the remaining pellets and cells 

were quickly incubated in the fixation solution at 4 ºC for 1 h, 

post-fixed in 1% OsO4, dehydrated in 12 steps by using 50-

100% acetone (Dehydration with acetone in 12 steps: 50% 
acetone, 5 min, x1; 70% acetone, 5 min, x2; 90% acetone, 5 
min, x3; 95% acetone, 5 min, x3; 100% acetone, 15 min, x3) 
and embedded in Epon resin. Finally, ultrathin sections (70 
nm) were transferred onto copper grids and analyzed by 
TEM at 120 kV. 

 
Figure 15: Transmission electron microscope (TEM) image of (A) 
glioblastoma cells (A172) and (B) endothelial hCMEC/D3 cells showing the 
presence of 1- MNPs into the cytoplasm with a larger load in A172cells. 
Glioblastoma cells (A) were also imaged by T2-weighted MRI at 7 T in glass 
capillaries containing cell pellets of untreated A172 cells (1) or A172 cells 
incubated for 6 h with 25 or 50 μg Fe/mL 1-MNPs (2 and 3, respectively) 
or for 24 h with 25 or 50 μg Fe/mL NPs (4 and 5, respectively). 
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5.2. Magnetic Resonance Imaging (MRI) 
Study 

 
Additionally, to assess whether the amount of Fe 
internalized in A172 cells was enough to allow MRI 
visualization on a T2- weighted image, cells were incubated 
in the presence of 1 MNPs (25 and 50 μg/mL Fe) for 6 or 24 
h and prepared for MRI as described. 5 × 105 A172 cells 
were seeded in 6 cm diameter dishes. After 24h, cells were 
incubated for 6 and 24 h with 25 and 50 µg/mL Fe of 1-
MNPs (determined by ICP-MS, explained later) in DMEM-
1% FBS. At the end of the incubation, cells were washed 
three times with PBS and detached with trypsin/EDTA 
(ethylenediaminetetraacetic acid). A172 cells were then 
transferred into glass capillaries inside an agar phantom 
and a T2-weighted MRI image was acquired using a RARE 
sequence protocol (TR/TE/NEX=5000:13.5:12 FOV=1.13 
cm). The MRI scanner used for this study was a Bruker 
Avance300 spectrometer (7T) provided with a Micro 2.5 
micro imaging probe (Bruker BioSpin, Ettlingen, Germany). 
 
As shown in Figure 15 the acquired signal intensity is 
dramatically lower (hypointense) in all the treated samples 
with respect to non-treated control cells. This opens the 
opportunity to use MRI to carry out a non-invasive 
quantification of Fe and consequently Boron taken up by 
target cells, respectively. However, the presence of the m-
carboranyl cluster surrounding the observed MNPs core 
present in the glioblastoma A172 cytoplasm could not be 
confirmed by EELS and EFTEM elemental maps, probably 
because of the low levels of boron, thus only Fe was clearly 
detected (Figure 16). To overcome this drawback and to 
unambiguously prove the presence of the m-carboranyl 
cluster coordinated at the MNPs core, high resolution XPS 
and EELS spectra on the A172 dried-cells sample were 
done. EELS analysis on the A172 dried-cells sample showed 
the B-K and PL2,3 edges present in the sample proving that 
the m-carboranylphosphinate coordinates to MNPs surface 
(Figure 17 and 18). 
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Figure 16: EELS analysis spectra on the square area showing the 
characteristic peaks for Fe. 
 

 
 
 
Figure 17: A) HAADF STEM image of A172 cells and B) EELS spectra on 
the square area. Energy loss peaks with onsets at 188 eV correspond to B 
containing in the sample. 
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Figure 18: HAADF STEM image of A172 cells and EELS spectra on the 
square area. Energy loss peaks with onsets at 133 eV correspond to PL2,3 
containing in the sample. 
 

Peaks at 189 and 133 eV in the XPS analysis, which are 
characteristic of B-B and P-O bonding, were observed and 
that clearly confirmed the presence of m-carboranyl 
phosphinate coordinated to the MNP core (Figure 19).  
 

 
Figure 19: High resolution spectra XPS of 1-MNPs and A172 cells treated 
with 1-MNPs (A) in the B 1 s and P 2p regions, (B) and (C), respectively. 
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5.3. BNCT Studies 
 
BNCT studies were carried out incubating A172 cells for 24 
h with 1-MNPs (20 μg/mL Boron). The amount of 
internalized Boron measured by ICP-MS was of 133 ± 25 
μg/g corresponding to a 10B concentration of 26 ± 5 μg/g. 
Using the above-mentioned condition, two groups of A172 
cells were irradiated for 15 min in the thermal column of 
the TRIGA Mark II reactor at the University of Pavia 
(Reactor Power 30 kW): untreated control cells and 1-
MNPs-treated cells. These were further compared with the 
respective non-irradiated controls. The proliferation rate 
(Figure 20) of irradiated and 1-MNPs treated cells re-plated 
the day after BNCT is considerably lower than both control 
cells, thus demonstrating the efficacy of 1-MNPs as boron 
carriers for this cancer therapy. On day 6, BNCT irradiation 
reduced by 2.5 the number of cancer cells treated with 1-
MNP when compared to non-treated cells (Table 4). 
 

 
Figure 20: Proliferation curves of A172 cells re-plated one day after BNCT 
treatment. Data are the mean ± SD of two different experiments.  
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Table 4: The A172 cell number of the BNCT irradiation study. 
 

 
 

5.4. Toxicity Studies (in-vitro and in-
vivo) 

 
Cell Toxicity to the ligand shell coating of 1-MNPs: Finally, the 
toxicity of the ligand shell coating the MNPs core (Na[1] salt 
of m-carboranyl phosphinic acid) was determined in both 
A172 and hCMEC/D3 cells in a dose–response cell viability 
assay. As observed for the whole 1-MNPs compound, 
endothelial cells were more sensitive to the Na[1] salt of m-
carboranyl phosphinic acid than the glioblastoma cells 
since Lethal Dose 50 was around 1 mM compared to the 7.5 
mM observed in A172 cells; see Figure 21, A and B. Those 
doses correspond to 230 μgNa[1] of m-carboranyl 
phosphinic acid /mL and 1725 μgNa[1] of m-carboranyl 
phosphinic acid/mL of Na[1] of m-carboranyl phosphinic 
acid, respectively. 
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Figure 21: Cell viability after exposing brain endothelial cells (hCMEC/D3) 
and glioblastoma cells (A172) to increasing concentrations of the Na[1] 
salt compared to control treatment (vehicle). (A) Bar graph representing 
cell viability after 24 h treatment (mean ± SD). (B) Representative images 
of cells after MTT assay. 
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Evaluation of in-vivo toxicity of the 1-MNP Compound in 
mice: We aimed at proving for the first time that the 1-MNPs 
were well-tolerated and did not induce major acute toxicity 
signs such as death, seizures or convulsions but also acute 
pain, distress, decreased/increased motor activity or 
dehydration by monitoring body weight before and after 
treatment.  
To explore potential “in vivo” toxicity of the new 1-MNP 
nanohybrids, adult C57BL/6 mice (males, 11-12 weeks-old) 
received one intravenous administration of 80 µL of 1-
MNPs at 218 µg/mL iron concentration or corresponding 
vehicle solution used along the study (equal content of m-
carboranylphosphinic acid (H[1]) and [NMe4]OH as in a 1-
MNPs colloidal suspension). 80 μL of 1-MNPs intravenously 
corresponds to 0.58 ± 0.03 mg/kg of body weight, very close 
to the approved dose for Feridex® in humans (0.56 mg/kg 
of body weight) and previously tested in other “in vivo” 
studies.[73] The mice were briefly anesthetized with 5 % 
isoflurane in Medicinal Air (from Air Liquide), weighed and 
treated with 1-MNPs or vehicle solution by retro-orbital 
injection as described. After recovery from anaesthesia, the 
mice were returned to their housing boxes and supervised 
daily looking for sudden death, seizures, dystonia, 
dehydration or restrictions in mobility. Additionally, body 
weight was registered before administration (baseline), at 
day 1, 2, 3 and 10 in both the treated and the naïve mice. 
Importantly, all mice survived the study period (10 days) 
with no major signs of toxicity. In particular, we found that 
the individual body weight of the 2 treated groups were 
comparable with the control group (naïve mice) with day to 
day fluctuations but without showing significant 
differences between groups in the body weight (p =0.9; 
Figure 22, A-B).  
Differences in weight between groups were subjected to 
analyses of variance and statistical significance was 
considered when p < 0.05. 
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Figure 22: Mouse weight after in vivo administration of 1-MNPs or vehicle 
in mice: mice were weighted before 1-MNPs (n = 6) or Vehicle (n = 7) 
intravenous administration, and followed up at 1, 2, 3 and 10 days of 
injection. A group of naïve mice who did not receive any treatment was also 
weighed at the same days (n = 3). (A) The Individual weight increase or 
decrease at day 10 was calculated for each mouse and represented, 
showing no differences between treatment groups (p = 0.9). (B) Graph 
showing the individual time course of the body weight during the study 
period. 
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6. Conclusions 
 
The development of multifunctional hybrid nanomaterials 
which could be applied in multi-modal treatments to obtain 
more efficient drugs with diminishing secondary effects is 
of great interest nowadays. Thus, based on the 
biofunctional properties of the multifunctional hybrid 
nanomaterials, our aim in the present study was to prepare 
MNPs coated with m-carboranylphosphinate ([1]−)) to be 
applied as a theranostic biomaterial for cancer therapy: 
biocompatible agents for cell labelling used for both 
tracking purposes and BNCT treatments. 
The study shows that the newly synthesized nanohybrid 1-
MNPs could be used to target cancer cells for tumour 
imaging and treatment with BNCT therapy. This technique 
is a highly selective type of radiation therapy that can target 
tumour cells without causing radiation damage to the 
adjacent normal cells. Specifically, the 1-MNPs compound is 
taken up from culture media by glioblastoma multiform cell 
line A172 in a higher amount than in the endothelial cells 
with cell-tracking properties due to the magnetic core of 1-
MNPs by showing a reduced signal on T2 weighted 
Magnetic Resonance Imaging (MRI). This characteristic 
could allow the indirect quantitative determination of 
boron at the target site before and during neutron 
irradiation becoming an advantage during cancer treatment 
since it allows the determination of the optimal neutron 
irradiation time and a precise calculation of the delivered 
dose. [74,75]  
Moreover, BNCT was performed on A172 cells treated with 
1-MNPs, demonstrating the eligibility of 1- MNPs as boron 
vectors for an efficient BNCT. Finally, it was assessed that 
the systemic administration of these 1-MNPs in adult mice 
are well tolerated at mid-term with no major signs of 
toxicity. It has been recently reported that pH produces an 
effect on the hydrodynamic radius of aqueous 1-MNPs 
suspensions and many studies have revealed that MNPs 
behave differently in biological media than in water at 
physiological pH (7.45)[76] because of the presence of 
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inorganic salts, proteins, amino acids or polysaccharides in 
biological media. Our newly synthesized boron 
nanohybrids 1-MNPs showed colloidal stability and a 
nanometric size in different culture media and at 
temperatures (room temperature and 37°C), supporting 
their use in biological studies. The hybrid nature of MNPs is 
conceptually divided into the inorganic core, the engineered 
surface coating comprising the ligand shell and the corona 
of adsorbed biological molecules. Empirical evidence shows 
that all three components may degrade individually in vivo 
and can drastically modify the life cycle and biodistribution 
of the whole heterostructure. Thus, MNPs may be 
decomposed into different parts, whose biodistribution and 
fate would need to be analysed individually. In this regard, 
functional studies confirmed the uptake of 1-MNPs by the 
cultured cells by Prussian blue staining identifying the 
presence of intracellular iron after 24 h treatment with 1-
MNPs. These experiments suggest that there has been 
cytoplasmic endocytosis of the iron core of the 1-MNPs, as 
previously described for other iron oxide nanoparticles by 
other authors.[77,78] These findings were further confirmed 
by electron microscopy on both endothelial and 
glioblastoma cells treated with 1-MNPs showing 
internalized iron particles in membrane vesicles 
(endosomes/lysosomes). 
On the other hand, high resolution XPS and EELS spectra on 
the A172 dried-cells sample unambiguously proved the 
presence of the m-carboranylphosphinate; peaks at 189 and 
133 eV, which are characteristic of B-B and P-O bonding, 
thus, confirming the presence of boron cluster ligands in the 
treated cells. Quantification of 1-MNPs uptake by cells 
displayed that glioblastoma A172 cells presented larger 
cellular iron contents than brain endothelial (hCMEC/D3) 
cells when treated at similar conditions of the 1-MNPs 
compound, suggesting that by using low doses of MNPs, 
glioblastoma cancer cells might be largely labelled with the 
1-MNPs compound compared to other neighbouring cells 
more sensitive to the compound such as 
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endothelial cells. These newly synthesized boron 
nanohybrids have significant biocompatible properties at 
certain administered doses allowing cell labelling with 
potential applications to penetrate into malignant tumour 
cells as drug carriers or for Boron Neutron Capture 
Therapy. The amount of both Fe and Boron internalized by 
A172 tumour cells in our study is sufficient to allow a 
successful MRI guided BNCT since it exceeds the minimum 
amount of 10B necessary to perform BNCT[79]. 

Moreover, nanoparticles could also be prepared using 10B 
enriched carboranes to improve the toxic effect of neutrons. 
Importantly, in terms of drug safety we have shown that the 
systemic administration of the 1-MNPs nanohybrids does 
not show major signs of toxicity in mice, supporting its 
potential translation into the biomedical setting. This is a 
preliminary but relevant result before moving to the 
efficacy studies in the preclinical setting using tumour 
models in rodents. 
In conclusion, we believe that these new boron cluster-
MNPs nanohybrids, 1-MNPs, might offer a broad scope for 
exciting research and future biomedical applications, 
including cancer therapy. These results have been 
published in Nanomedicine:NBM journal.[80] 
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1. Introduction 

Magnetic nanoparticles (MNPs) have already been 

introduced in the previous chapter. There we had 

synthesized MNPs covered with m-carboranylphosphinate 

to obtain nanohybrids for biological applications. In this 

chapter, we are going to discuss about the MNPs formed by 

co-precipitation method too but rather coated with an 

inorganic shell of silicon dioxide (SiO2), and then further 

their surfaces are functionalized with carboxylic groups (-

COOH) or amines (-NH2) so that they can be further used for 

immobilization of antibodies or attachment of H[COSAN]. 

Here, nanocomposites of multiwalled carbon nanotubes 

(MWCNTs) along with functionalized MNPs are also 

discussed. All the nanoparticles and nanocomposites have 

been thoroughly studied and characterized using the 

necessary techniques. The use of novel H[COSAN] in 

conjugation with the MNPs and magnetic nanocomposites 

(MNCs) has been studied here for the first time. Also, the 

colloidal stability of the MNPs in water has been studied 

using 5 different surfactants. The colloidal stability of the 

MNPs is a huge issue in regards to their use in applicative 

purposes and is important to be addressed. There exists a 

conflicting nature of MNPs at present with regards to their 

stability and the magnetic attraction. The more stable the 

MNPs, the longer time they take to be attracted by the 

magnet and vice versa. The implemented synthetic routes 

are modified versions of the synthetic procedures used by 

Hassani et. al., Arvand et. al. and Lu et. al. [1-3] Most of the 

MNCs have MWCNTs or SWCNTs as the base on which the 

MNPs are anchored and then coated with a layer of SiO2 or 

have MNPs filled inside a CNT and functionalize the surface 

of CNT for other bindings. But in neither case these MNPs 

anchored on the CNTs are further functionalized with 

different moieties for further binding. This has been 

attempted and studied by us. 
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1.1.  MNPs with SiO2 Coating  

MNPs as described in the previous chapter are very 

attractive nanoparticles because of the ease with which 

they can be controlled with the help of an external magnet. 

Further their use in biological studies requires them to be 

coated with different other shells as mentioned in previous 

chapter 4. One such coating used for MNPs for many years 

is the silica coating. This is because of the inert properties 

of the silica along with the fact that it helps in improving the 

stability and the physicochemical properties of the MNPs. [4] 

The formation of a silica coating on the surface of MNPs 

could help prevent the aggregation of the MNPs in the 

solution state and improve their chemical stability. The 

uncoated MNPs aggregate quite quickly while the silica 

coating enhances the surface potential with respect to the 

solvent and the stability improves. [4] Another important 

aspect about the coating is that it makes the surface of the 

MNPs suited to the biological systems and biological 

applications.[4] Though the most important aspect of MNP 

coated with silica is that the silanol-terminated surface 

groups may be modified with various coupling agents to 

covalently bind to specific ligands. [5-7] This helps to tune the 

surface of these MNPs with different functional groups to 

obtain differently functionalized MNPs which can be further 

used for other purposes. The surface modification is needed 

to get useful MNPs and utilize their magnetically controlled 

properties in different situations. These functionalized 

MNPs can be used for different applications like catalysis, 

bio-separation, water purification, biosensing, 

nanomedicine and more. [9-12] Silica coated MNPs have 

opened a new avenue for using these MNPs in different 

applications by tuning their surface with various ligands 

and functional moieties which the naked MNP could not be 

used in directly as functionalizing the naked MNPs is not 

easy.  
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1.2.  Cobaltabis(dicarbollide): H[COSAN] 

Cobaltabis(dicarbollide) or [Co(C2B9H11)2]- is a 

metallacarborane (Mcb), which belongs to the family of 

boranes and carboranes and is one of the first to be 

reported.[14] It is extremely stable and has an established 

chemistry. The cobaltabis(dicarbollide) anion consists of 

two (C2B9H11)2- (dicarbollide) units sandwiched around a 

Co3+ having a dihedral angle of 3.7°. The distances from 

cobalt to C2B9 faces are almost identical (1.466 and 1.476 Å 

respectively) and the metal is approximately at equidistant 

from the facial boron and carbon atoms. 

Cobaltabis(dicarbollide) anion can be functionalized at 

both the carbon and boron atoms of the cluster. This is also 

called H[COSAN] and is known to form ion-pair complex as 

H[COSAN] produces an acidic pH which favours the 

formation of the complex. The H[COSAN] has been used in 

previous studies in our group to produce ion-pair 

complexes for potentiometric ion-selective sensors.[15-18] 

The stability of H[COSAN] is exceptionally good in water. It 

has a zeta potential value of ‖60‖ mV which shows that it is 

extremely stable in water and it has a negative potential. 

This is the first time they have been used in conjugation 

with MNPs.  

 

Figure 1: Chemical structure of H[COSAN]. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dihedral-angle
https://www.sciencedirect.com/topics/chemistry/boron-atom
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cobalt
https://www.sciencedirect.com/topics/chemistry/anion
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/atom
https://www.sciencedirect.com/topics/chemistry/molecular-cluster
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1.3.  Carbon Nanotubes (CNTs) 

Carbon Nanotubes (CNTs) are cylindrical large molecules 

consisting of a hexagonal arrangement of hybridised carbon 

atoms. They may be formed by rolling up graphene. After 

the discovery of CNTs by Iijima in 1991[19], CNTs have 

attracted significant attention in a variety of scientific fields 

due to their unique properties such as high surface area, 

excellent electrical conductivity, significant mechanical 

strength, potential applications and high chemical stability. 
[20-22] CNTs are of two types: Single walled carbon nanotubes 

(SWCNTs) where a single sheet of graphene is rolled up and 

Multi walled carbon nanotubes (MWCNTs) in which case 

multiple sheets are rolled up into tubes. The SWCNTs have 

smaller diameter compared to the MWCNTs. The CNTs are 

long tubes and their length can be extended upto 1.3mm 

long. The CNTs are one of the best candidates for the 

preparation of the electrocatalytic nanocomposite 

materials. [23] Among the applications of CNTs in various 

fields, magnetic CNTs produced by functionalizing CNTs 

with magnetic nanomaterials are one of the most useful 

nanocomposites, which incorporate the features of both 

CNTs and magnetic nanomaterials. The magnetic CNTs have 

applications as magnetic data storage,[22] microwave 

absorbing materials and magnetic composites for drug 

delivery. [24,25] 

 

Figure 2: SWCNT and MWCNT. 
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2. Synthesis of MNPs 

The synthesis of MNPs were done using the classic co-

precipitation method which was also used in the previous 

chapter. In this case the co-precipitation method was used 

to generate the Fe3O4 magnetite core. This core was then 

further encapsulated in a silica shell using Stober process. 

After having the MNPs coated with SiO2, they were further 

functionalised by carboxylic group or amino groups. The 

synthetic procedure is given below. 

2.1.  Fe3O4@SiO2 (Small and Large) 

The synthesis procedure for obtaining the Fe3O4@SiO2 was 

the common procedure followed by everyone.  

Synthesis of Fe3O4 Core: First, sodium hydroxide (NaOH, 
15g) was dissolved into 25 mL of double distilled water. 
Then, a mixture of FeCl2.4H2O (2g), FeCl3.6H2O (5.2g), 25 
mL of double distilled water and 0.85 mL of HCl (12M) was 
added dropwise with vigorous stirring to make a black solid 
product. The resultant mixture was heated using an oil bath 
for 4 hours at 80oC. The black magnetite solid MNPs were 
isolated using an external magnet and washed three times 
with deionized water and finally once with ethanol, and 
then dried at 80oC for 10 hours.  
 
Synthesis of Fe3O4@SiO2 core–shells: Fe3O4 (500mg, 2.1 
mmol) was dispersed in a mixture of ethanol (100 mL) and 
deionized water (25 mL) for 30-40 minutes using an ultra 
sound bath. Then, 2.5 mL of NH3 (30%  for analysis) was 
added followed by the dropwise addition of 
tetraethoxysilane (TEOS) (1.5 mL). This solution was 
stirred mechanically for 6 hours at room temperature. 
Then, the product Fe3O4@SiO2 was separated using an 
external magnet and was washed three times with 
deionized water and finally with ethanol, and then dried at 
80oC for 10 hours. For this reaction we designed a new 
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teflon covered system with a crystal mechanical stirring 
rod. 

 
Figure 3: Synthesis of Fe3O4 core using co-precipitation method. 

 
Figure 4: Synthesis of Fe3O4@SiO2 core using co-precipitation method. 
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Small and Large particles: The smaller silica coated particles 

are synthesized using the standard silica coating procedure 

reported above. In case of larger particles, the magnetite 

core reaction is stirred for 6 hours and the silica reaction is 

stirred for 12 or 18 hours depending on the size needed to 

be produced. The quantity of TEOS to be added can also be 

controlled on the necessity of thickness of the shell. The 

biggest advantage of this method lies in the fact that it helps 

to change the size of the particles by modifying the time and 

temperature of the reaction. The silica coating using Stober 

process can also be done at a mild temperature of 40oC in 

need for thicker coatings over the magnetite core. This 

flexibility in the process makes it attractive but the 

disadvantage of this procedure lies in less control of the 

mono-dispersity of the particles.  

 

2.2. Amine and Carboxylic Functionalized 

MNPs 

The silica coated MNPs (Fe3O4@SiO2), were further 

functionalized with amine groups or carboxylic groups. For 

carboxylic functionalization three different procedures 

were followed while for amine functionalization only one 

procedure was followed. First, the amine functionalization 

is discussed and then the carboxylic functionalization. 

Amine functionalization: A mixture of Fe3O4@SiO2 (200mg) 

was dispersed in ethanol (45 mL). Then 5ml of 3-(2-

aminoethylamino)propylmethyldimethoxy silane (APMS) 

was dissolved in 20ml of ethanol and added to the 

suspension of Fe3O4@SiO2 in ethanol. The pH value of the 

reaction mixture was set to 11 using tetramethyl 

ammonium hydroxide (TMAH). The reaction mixture was 

then heated to 50oC and stirred for 5 hours. After ageing for 

a night, the suspension of functionalized nanoparticles was 

completely stable. It was then precipitated using NaCl 
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solution. Then the nanoparticles were thoroughly washed 

with distilled water using magnetic separation and finally 

dried at 80oC in vacuum.  

For this amine functionalization instead of APMS other 

reagents like (3-aminopropyl)triethoxy silane (APTES) or 

(3-aminopropyl)trimethoxy silane (APTMS) can also be 

used which give the same result.  

Carboxylic functionalization method 1:  This method is used 

as an extension of the method of the amine functionalized 

MNPs. The Fe3O4@SiO2-NH2 are used in this reaction to 

make them COOH functionalized. The Fe3O4@SiO2-NH2 

(100mg) was suspended in 45ml of dry DMF. Then 60 mg of 

succinic anhydride was dissolved in 5 ml of dry DMF and 

added to the suspended nanoparticles. The reaction 

mixture was then stirred for 20 hours at room temperature. 

The nanoparticles were then washed repeatedly with 

acetone using magnetic separation and then dried under 

vacuum. This helped us to obtain Fe3O4@SiO2-NH2-COOH 

MNPs.  

Carboxylic functionalization method 2:  The Fe3O4@SiO2 

magnetic nanoparticles were functionalized with malic acid 

in this method. Briefly, 2g of dried Fe3O4@SiO2 MNPs was 

dispersed in 100mL of water, followed by addition of 2 g of 

malic acid under vigorous stirring at 90°C for 90 min. the 

resulting functionalized nanoparticles were then washed 

with distilled water three times to remove any unreacted 

chemicals and dried in vacuum at 80oC to obtain 

Fe3O4@SiO2 -COOH MNPs.  

Carboxylic functionalization method 3:  A mixture of 
Fe3O4@SiO2 (200 mg) and maleic anhydride (200 mg) in 
CHCl3 (10 mL) was magnetically stirred at 50oC for 5 h. The 
Fe3O4@SiO2-COOH MNPs were isolated using an external 
magnet, washed with ethanol and dichloromethane each 
and then dried at 80oC to obtain the Fe3O4@SiO2-COOH. 
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Out of the above three methods for the synthesis of 
Fe3O4@SiO2-COOH, the method 3 has been the most 
productive method in obtaining the Fe3O4@SiO2-COOH 
MNPs. The 3rd method is the most reproducible and 
produces MNPs of uniform size distribution. The 1st method 
was though used too to generate carboxylic coated MNPs 
but in that case the purpose was to not saturate all the 
amines with COOH groups but leave a few NH2 groups free 
to bond with other moieties especially like H[COSAN] which 
favours the NH2 group to form an ion pair complex. It is 
described later. 
a.

 
b. 

 
c. 

 
Figure 5: Synthesis of (a) Fe3O4@SiO2-NH2 (b) Fe3O4@SiO2-COOH using 

method 1 and (c) Fe3O4@SiO2-COOH using method 3.  
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2.3.  H[COSAN] attached to MNPs 

The attachment of H[COSAN] to MNPs has never been 

explored before and it has been done and studied by us for 

the first time. The H[COSAN] as mentioned before, is 

extremely stable in water and can form an ion pair complex. 

It has been demonstrated earlier that the Mcb has the 

capacity to produce Cc-H···H-B, B-H···H-N dihydrogen 

bonds. Moreover, the Mcb forms ion-pair complexes with 

protonated amino groups ([cation-NH]+[Mcb]-) with an 

ionic interaction. So, to facilitate this formation of the ion 

pair complex it was necessary to have the NH2 functionality. 

Due to this, the MNPs functionalized with NH2 and also the 

one with NH2 and COOH was used for attaching H[COSAN] 

to them in a non-covalently bonded way. We did try at first 

to attach the H[COSAN] to the COOH functionalized MNPs 

but with no success. They did not show any interaction and 

could not be obtained.  

Fe3O4@SiO2-NH2-H[COSAN] and Fe3O4@SiO2-NH2-COOH-
H[COSAN]: 50 mg of Fe3O4@SiO2-NH2 or Fe3O4@SiO2-NH2-
COOH was suspended in 10 mL of water and with 5 mM of 
H[Co(C2B9H11)2]. The mixture was sonicated in an 
ultrasound bath for 30 minutes and then washed 10 times 
with water using magnetic separation. Finally, the sample 
was dried under vacuum at 80oC.  

 

Figure 6: Synthesis of Fe3O4@SiO2-NH2-H[COSAN]  
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3. Characterization 

The MNPs were thoroughly characterized using various 

characterization techniques in order to study their size, 

shape, magnetic hysteresis cycle, stability etc.  

Transmission electron microscopy (TEM) studies were 
carried out using JEOL JEM 1210 at 120 kV. Scanning 
electron microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDX) analysis was done using the QUANTA 
FEI 200 FEG-ESEM device. The solid sample was analysed 
for this. HRTEM was done using JEM-2011 at 200kV with 
0.18nm resolution. HRSEM was done using Zeiss Merlin. 
ImageJ software was used for measuring the particles. Zeta 
Potential studies were carried out in the Zetasizer Nano ZS 
(For DLS light source used was He-Ne Laser, 633nm, Max 
4mW, back scattering angle used was 173o and for zeta 
potential electrophoretic light scattering principle was used 
to do the measurements). UV-vis Spectrum was carried 
using Cary-5000 UV-vis-NIR spectrophotometer. Infra-red 
spectroscopy (IR) was done using JASCO FTIR-4600 
spectrometer. Magnetization hysteresis cycle was 
measured using Quantum Design MPMS-XL system at 300K 
with a maximum of 60kOe. Scanning transmission 
microscopy (STEM) and EELS measurement was done using 
FEI Technai F20 S/TEM HRTEM device at 200kV.  

3.1. TEM, STEM and SEM studies and Size 

The TEM studies were done to see the particles shape and 
obtain their size. SEM was done to check their morphology 
too, while STEM was mostly done with MNPs attached with 
H[COSAN]. 

TEM Studies: Fe3O4@SiO2 MNPs are seen in TEM images 
with a spherical shape characteristic of these nanoparticles 
with a mean size of 9.34 ± 1.6 nm. The size was calculated 
by measuring the particles manually using ImageJ software 
and plotting the Gaussian graph. When the Fe3O4@SiO2 
MNPs are coated with carboxylic acid, the spherical shape is 
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maintained as seen in the images and the size increases till 
12.63 ± 2.67 nm. 
 

 
Figure 7: TEM image of (a) Fe3O4@SiO2 and (b) Fe3O4@SiO2-COOH. 
 

 
Figure 8: Gaussian Size graphs of (a) Fe3O4@SiO2 (9.34nm) and (b) 
Fe3O4@SiO2-COOH (12.63nm). 
 
 

TEM image of Fe3O4@SiO2-NH2 showed aggregated 
particles when compared to the MNPs with COOH. They had 
a mean diameter size of 11.22 ± 2.13 nm. The TEM image of 
Fe3O4@SiO2-NH2-Mcb showed a mean diameter size of 
14.17 ± 1.03 nm. The complex Fe3O4@SiO2-NH2-Mcb 
produces nanoparticles 3 nm bigger in diameter and if we 
observe the extension image, we can notice that the 
H[COSAN] is preferentially located between the NPs and 
tends to aggregate the complex. The size increase is due to 
the presence of the H[COSAN] with the MNPs. While the size 
of Fe3O4@SiO2-NH2 is almost comparable to the size 
obtained for the Fe3O4@SiO2-COOH MNPs. 
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Figure 9: TEM images of (a) Fe3O4@SiO2-NH2 (11.22nm) and (b) 
Fe3O4@SiO2-NH2-Mcb (14.17nm). 
 

The Fe3O4@SiO2-NH2-COOH was also characterized using 
TEM. It showed aggregated particles with thick silica 
coating. The aggregation in these particles was too much to 
measure individual particles and obtain the size. So, the size 
could not be determined. Moreover, the attachment of 
H[COSAN] could not be determined as clearly as seen in the 
amine functionalized ones. Only little presence of H[COSAN] 
could be seen.  
 

 

Figure 10: TEM images of (a) Fe3O4@SiO2-NH2-COOH and (b) Fe3O4@SiO2-
NH2-COOH-Mcb. 
 

SEM Studies: The SEM studies were done on the Fe3O4@SiO2 

nanoparticles. Solid samples were used for this and they 

showed the spherical nanoparticles but the resolution of 

the image was not good as the MNPs were less than 10nm 

and the SEM resolution showed them as an aggregated mass 

of particles. Due to this, other MNPs were not characterized 

using SEM. Though the SEM did confirm their spherical 

morphology.  
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Figure 11: SEM images of Fe3O4@SiO2 

STEM Studies: The scanning transmission electron 

microscopy (STEM) was done on the samples containing 

Mcb. This was because in STEM mode we have certain 

advantages over the traditional TEM and SEM modes. It 

combines the advantages of the TEM and SEM both and 

helps to obtain both the dark field and bright field images 

and hence it helps to visualize the Mcb attachment to the 

MNPs better than in the TEM.  

 
Figure 12: STEM images of (a) Fe3O4@SiO2-NH2-Mcb and (b) Fe3O4@SiO2-
NH2-COOH-Mcb. 
 

The STEM image of the Fe3O4@SiO2-NH2-Mcb clearly 
showed the H[COSAN] but the Fe3O4@SiO2-NH2-COOH-Mcb 
did not show the presence of H[COSAN]. This could be 
because in this all the NH2 groups had already been 
saturated with the COOH groups so it cannot be used to 
attach the H[COSAN]. Thus, the best one to attach the 
H[COSAN] was the Fe3O4@SiO2-NH2 MNPs. 



3.2.2. Magnetic Nanoparticles and Nanocomposites with H[COSAN] 

 

16 

 

3.2. Chemical Composition Studies 
 
The chemical composition of the different MNPs were 
studied using the IR, EDX, Electron Diffraction and EELS.  
 
IR Studies: The IR spectrum was recorded for the samples of 
Fe3O4@SiO2-COOH, Fe3O4@SiO2-NH2 and Fe3O4@SiO2-NH2-
Mcb. For the Fe3O4@SiO2-COOH sample we can see the bond 
stretching of C=O at 1739cm-1 and the Si-O stretching was 
observed at 1058cm-1 (Figure 13).  Also we can observe the 
band of Fe-O at 546 cm-1 in the MNPs. 
Figure 14 shows the IR spectrum Fe3O4@SiO2-NH2 and 
Fe3O4@SiO2-NH2-Mcb. We can observe in both samples the 
band of Fe-O at 546 cm-1 in the MNPs and at 542 cm-1 in the 
complex, the band of Si-O at 1074 cm-1 in the MNPs and at 
1071 cm-1 in the complex and the bending band of N-H at 
1638 cm-1 in the MNPs and at 1632 cm-1 in the complex. And 
in the case of the complex Fe3O4@SiO2-NH2-Mcb we can see 
the B-H band at 2563 and 2526 cm-1 characteristic of the 
metallacarborane. 

 
Figure 13:  IR spectrum of Fe3O4@SiO2-COOH.  
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Figure 14:  IR spectrum of Fe3O4@SiO2-NH2 and Fe3O4@SiO2-NH2-Mcb.  
 

EDX Studies: EDX studies were done for the sample of 
Fe3O4@SiO2 to check the presence of Fe and Si mostly. This 
was because the EDX is more efficient to check heavier 
metals and not the light metal like Boron. We could very 
well observe the presence of Fe and Si in the sample (Figure 
15). 

 
Figure 15:  EDX spectrum of Fe3O4@SiO2. 
 

EELS Study: It is not possible to observe the Boron in the 
EDX due to its lower atomic weight and atomic number. 
Different treatment is required for light elements because 
measuring the X-rays generated by them reliably is difficult, 
if at all they have been detected. Ionizing an atom will be 
difficult when the atomic number is reduced and the ionized 
atom generated is less likely to emit an X-ray. The result is 
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a weaker signal from the light elements. Longer wavelength 
X-rays are generated by light element atoms and are easily 
absorbable within the sample when compared to shorter 
wavelength X-
rays. Most of 
the weak 
signals 
generated will 
be absorbed 
within the 
sample itself. 
This means 
that much of 
the X-rays from 
light elements 
received by the 
detector are 
from near the 
surface of the 
sample. As a result, sample contamination or coatings used 
to avoid charging strongly affect the light element analysis. 
These effects make light element measurement impossible 
and the X-ray intensity measurements from light elements 
more often encounter systematic errors when compared to 
the X-ray intensity measurements from heavier elements. 
The dominance of these effects is more when the atomic 
number is lower. In order to check the presence of Boron 
we used the Electron Energy Loss Spectroscopy (EELS). 
This shows clearly the Boron peak in the samples 
Fe3O4@SiO2-NH2-Mcb, thus confirming the presence of 
Boron and also that the MNPs synthesized contains the Mcb. 
But for the Fe3O4@SiO2-NH2-COOH-Mcb, we could not 
observe the Boron peak thus confirming that the interaction 
had not taken place.  
The attachment of H[COSAN] to the MNPs is important as 
the Mcb is a redox specie and has a tuneable HOMO-LUMO. 
This enables the MNP complex to be used in sensors like 
ISFET (Ion selective Field effect transistor). The tuneable 
HOMO-LUMO enables the complex to tune the energy levels 

Figure 16: EELS spectrum of Fe3O4@SiO2-

NH2-Mcb. 
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in order to improve the conductivity. The advantage of 
H[COSAN] with respect to ferrocene is that Mcb has 3 redox 
potentials compared to ferrocene and therefore the 
advantage to tune it. The energy levels between each Mcb 
attached to the MNPs can be tuned too, and if these Mcbs 
are aligned within close range, then it opens up the 
possibility of the electrons to tunnel from one Mcb to the 
other Mcb attached to the MNPs surface thus improving the 
conductivity of the complex. This would enhance the 
sensing layer of the sensors in which they will be used. Also, 
the advantage of the Mcb lies in the fact that they can self -
assemble themselves. This self-assembly property enables 
the Mcb to form layers on the surface of the MNPs easily. 
This is the reason to form this magnetic complex, in order 
to further their use in sensing layers. The unique properties 
of Mcb was the reason they were incorporated in the MNP. 
 
Electron Diffraction Studies: All the samples were tested 
using selected area electron diffraction pattern for 
confirmation of the magnetite. And the diffraction patterns 
for all showed that Fe3O4 was synthesized in its cubic spinel 
structure.  
 

 
Figure 17:  Electron diffraction pattern of (a)Fe3O4@SiO2-COOH and (b) 
Fe3O4@SiO2-NH2. It confirmed the cubic spinel structure of Fe3O4.  
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3.3.  UV-vis Studies and Zeta-Potential 
 
The UV-vis studies were done to demonstrate the attaching 
of the H[COSAN] to the MNPs with NH2. Also, the zeta 
potential provides us with proof of the presence of 
H[COSAN] on the surface of the MNPs. 
 
UV-vis Studies: The chosen Mcb as we know is 
H[Co(C2B9H11)2], also named H[COSAN], because it was 
used to form the ion-pair complexes in previous studies and 
also H[COSAN] produces an acidic pH that favours the 
formation of the complex. Figure 18 shows the UV-Visible 
spectra of free 1 mM H[COSAN] (blue line) in water at 446 
nm. The sample for this experiment was prepared by mixing 
5 mg of Fe3O4@SiO2-NH2 in the H[COSAN] solution, 
sonicating for 15 minutes, and then collecting the MNPs 
with the help of a magnet for about 10 minutes; the MNPs 
are concentrated at the bottom of the flask and the clear 
liquid at the top is measured in the UV-Visible (see Figure 
18). This procedure was done for 5, 10, 15, 20, 25 and 30 
mg of Fe3O4@SiO2-NH2 keeping constant the amount of 
H[COSAN]. The idea was that if H[COSAN] interacts with the 
Fe3O4@SiO2-NH2 MNPs, the UV-Visible absorbance will 
decrease and the difference between the two absorbance 
peaks will be the quantity of H[COSAN] that takes part in the 
formation of the complex, so this way we would know about 
the interaction of H[COSAN] with the MNPs. Figure 18 
shows that H[COSAN] interacts with Fe3O4@SiO2-NH2 MNPs 
because the absorbance decreases with increasing amounts 
of MNPs and for every 5 mg of Fe3O4@SiO2-NH2 MNPs, 0.14 
± 0.03 mM H[COSAN] is used to form the complex. The UV-
vis studies were a confirmation of the interaction of 
H[COSAN] with the MNPs. Another experiment was done to 
check related to the time required for the extraction of the 
MNPs with the magnet and studying it in UV-vis. It was seen 
that 10 minutes was sufficient to attract all the MNPs with 
the magnet and further time was not required for this 
procedure (Figure 19).  
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Figure 18: UV-vis of Fe3O4@SiO2-NH2 with Mcb. It confirmed interaction 
between the Mcb and the MNPs. The inset photo shows the liquid which 
was measured while the MNPs at the bottom extracted using an external 
magnet. 
 

 
Figure 19:  UV-vis with different time of extraction of the MNPs. It shows 
that 10 minutes is sufficient for the extraction of all the MNPs by an 
external magnet. 
 

The same procedure to make Fe3O4@SiO2-NH2-Mcb is used 
to form the complex Fe3O4@SiO2-NH2-COOH-Mcb but in this 
case, the amino groups accessible at the surface of the MNPs 
are reduced and as a consequence the quantity retained of 
H[COSAN] is not enough to be measured and to be 
detectable in IR and EELS. Moreover, the UV-Visible 
measurements (see Figure 20) doesn’t show any evidence 
that confirms the formation of the complex. However, the 
absorption bands of increasing amounts of MNPs are higher 
than free H[COSAN] because a colloid is formed and the 
turbidity of the solution produces an increase in the 
absorption. 
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Figure 20: UV-vis of Fe3O4@SiO2-NH2-COOH with Mcb. The interaction 
between the MNPs and the Mcb could not be confirmed here.  
 

Zeta-Potential Studies: Figure 21 shows the zeta potential 
(ζ-potential) value of Fe3O4@SiO2-NH2 MNPs: 13.7 mV, that 
means, the MNPs have a positive value because the amine 
groups are on the surface of the nanoparticles and the ζ-
potential is between 10 / 30 mV, so consequently, the MNPs 
tend to aggregate. When the MNPs form the complex 
Fe3O4@SiO2-NH2-Mcb the ζ-potential becomes negative -
15.2 mV (see Figure 22) and confirms that H[COSAN] is on 
the surface of the nanoparticles because [COSAN] is an 
anion. The ζ-potential is between -10 / -30 mV again 
indicating that the complex tends to aggregate. This clear 
shift in the polarity of the MNPs before and after the 
interaction with the Mcb confirms the presence of 
H[COSAN] on the surface of the MNPs.  
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Figure 21: Zeta-potential of Fe3O4@SiO2-NH2. The zeta-potential is 

positive here. 

 

Figure 22: Zeta-potential of Fe3O4@SiO2-NH2-Mcb. The zeta-potential is 
negative here proving the formation of the complex. 
 

Figure 23 shows the zeta potential of Fe3O4@SiO2-NH2-
COOH: -29.4 mV, that confirms that the methodology used 
to decorate the MNPs with –COOH works well and the value 
is between -10/-30 mV that means the MNPs tend to 
aggregate. Figure 24 shows that the zeta potential for 
Fe3O4@SiO2-NH2-COOH-Mcb is -34.8 mV. The slight 
difference with its precursor prevents from being sure that 
the complex is formed; these MNPs also tend to aggregate 
too. The value is above 30mV because of the presence of 
both -COOH and the Mcb, as they are both negative ions.  
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Figure 23: Zeta-potential of Fe3O4@SiO2-NH2-COOH.  

 
Figure 24: Zeta-potential of Fe3O4@SiO2-NH2-COOH-Mcb.  
 
 

3.4.  Elemental Mapping 
 
The elemental mapping was done on the STEM image to 
check the distribution of the elements of Boron, Iron and 
Silicon. The three elements were represented in three 
different colours which enabled us to visualize the position 
of the three elements within the sample. 
Figure 25 shows the mapping of Fe (red), Si (green) and B 
(blue) of the STEM image and we can confirm that the 
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majority of H[COSAN] is located in the layer that connects 
the MNPs and the Fe and Si are in the MNPs with a small 
quantity of SiO2. 
 

 
Figure 25: Elemental Mapping of Fe3O4@SiO2-NH2-Mcb. It shows Boron- 

Iron-Silicon. 

3.5. Magnetic Hysteresis Study 

The magnetic hysteresis study was done for all the samples 

at 300K temperature and not at lower temperature. The 

hysteresis study for MNPs with COOH was done after 1 

week and after 1 month to check their magnetisation value 

and this showed no decrease in their magnetic properties. 

The samples were prepared using a polycarbonate capsule 

filled with 1 mg of MNPs and compacted cotton. 

For the sample of MNPs with amino groups the hysteresis 

was studied and the magnetisation value was lower than 

the MNPs with COOH functionalization. Moreover, the 

magnetisation value reduced further upon the formation of 

the complex with the Mcb. This showed us that with 
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addition of more layers and components to the MNP core 

the value of magnetisation changed and reduced 

considerably. So, in order to obtain higher magnetisation, 

we need to have a larger core as it enhances the 

magnetisation value. Though with loading of other 

components there will be a reduction in the final MNP but 

with a larger core the reduction is mitigated. The saturated 

magnetisation (Ms) for Fe3O4@SiO2-NH2 is 0.0708 emu/g 

while for Fe3O4@SiO2-COOH is 0.382 emu/g after 1 month. 

There is a drop of almost 5.5 times in the value for amine 

functionalized MNPs when compared to the COOH MNPs. 

But in case of the amine functionalized ones the formation 

of complex with Mcb is easier so we have to make a 

compromise in this situation. 

 

Figure 26: Magnetic Hysteresis of Fe3O4@SiO2-COOH at 300K. It shows the 

hysteresis curves after 1 week (Ms: 0.394 emu/g) and after 1 month (Ms: 

0.382 emu/g). 

 
Figure 27: Magnetic Hysteresis of Fe3O4@SiO2-NH2 (Ms: 0.0708 emu/g) 

and Fe3O4@SiO2-NH2-Mcb (Ms: 0.09 emu/g) at 300K.  
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4. Synthesis of Nanocomposite 

After synthesizing the MNPs and the MNP complex with the 

H[COSAN] we moved onto the synthesis of the 

nanocomposite material which includes the MWCNTs. 

In this the MWCNTs formed the base, which were oxidized 

using the standard acid mixture of H2SO4 and HNO3, to form 

the COOH groups on the walls of the MWCNTs. These COOH 

groups acted as anchors upon which the MNPs were 

attached by using co-precipitation method. These MNPs 

were then coated with silica using the Stober process. But 

in this case, not only the MNPs, but a layer of SiO2 was 

formed on top of the CNTs too and the layer of silica covered 

everything. Then this nanocomposite was functionalized 

with amino groups as we had already seen previously with 

the MNPs, that only the amine functionalized could be 

further used to attach H[COSAN] or the Mcb. This is why 

only amine functionalization was done on this 

nanocomposite using the same method used previously for 

the MNPs and then H[COSAN] was used to form a complex 

with this nanocomposite. For the first time such a 

nanocomposite was made. The functionalization of the 

MWCNTs@Fe3O4@SiO2 is not common and we not only 

functionalized it, we also made a complex with the 

H[COSAN]. The detailed synthetic route is described below. 

4.1.  Nanocomposite of CNT with 
functionalized MNPs 

Oxidizing and functionalizing MWCNT: The carboxylated 
MWCNTs (MWCNTs–COOH) were prepared by refluxing 
the MWCNTs (500mg) in a mixture of concentrated sulfuric 
acid and nitric acid (3:1 v/v ratio) at 70°C for 6 hours. The 
total volume of acid used was 80ml. After 6 hours at 70oC, 
the mixture of acid along with the MWCNT was left for next 
15 hours in the same flask at room temperature. After 15 
hours at the room temperature, the mixture was filtered 
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using 0.2μ PTFE hydrophobic filter membrane and washed 
with double distilled water until the pH of the filtrate 
became ~7 and finally dried at 60 °C overnight.  
 
Synthesis of Fe3O4 nanoparticles onto the MWCNT walls: 
About 100 mg of MWCNTs–COOH was dissolved in 70 mL of 
water by ultrasonic irradiation for 20 min. The mixture was 
further stirred vigorously magnetically for 30 min at 60°C. 
Then 177 mg of FeCl3·6H2O was added under stirring. After 
the mixture was stirred vigorously for 30 min under N2 
atmosphere, 95 mg of FeSO4·7H2O was added and keeping 
it stirred under N2 atmosphere for 30 min. At last 30 mL of 
6% NH4OH aqueous solution was added into the mixture 
drop by drop at 60°C during 1h and reacted for another 2h. 
N2 atmosphere was used during the reaction to prevent 
critical oxidation. The reaction mixture was then 
centrifuged, washed with double distilled water and dried. 
The obtained black precipitate was Fe3O4/MWCNT 
nanoparticles and was ready for use.[1]  
 
Coating of the Fe3O4 nanoparticles attached to MWCNT with 
SiO2: Core–shell Fe3O4@SiO2/MWCNT nanocomposites 
were prepared by growing silica layers onto the surface of 
the Fe3O4/MWCNTs. 50 mL of ethanol, 2 mL water, 1.7 mL 
NH4OH and 300 μL of TEOS were added in a 100 mL beaker 
in a 40°C water bath. Fe3O4/MWCNTs (100mg) were added 
to the above solution under mechanical stirring. The 
solution was stirred for 12 hours and then extracted with 
external magnet and washed with double distilled water 
and vacuum-dried at 60°C over-night.[2]  
 
Preparation of amine supported on Fe3O4@SiO2 

nanoparticles [Fe3O4@SiO2-NH2] on MWCNT: A mixture of 

MWCNT@Fe3O4@SiO2 (200mg) was dispersed in ethanol 

(45mL). Then 5ml of 3-(2-aminoethylamino) propylmethyl 

dimethoxy silane (APMS) was dissolved in 20ml of ethanol 

and added to the suspension of MWCNT@Fe3O4@SiO2 in 

ethanol. The pH value of the reaction mixture was set to 11 

using Tetramethyl ammonium hydroxide (TMAH). The 



3.2.2. Magnetic Nanoparticles and Nanocomposites with H[COSAN] 

 

29 

 

reaction mixture was then heated to 50oC and stirred for 5 

hours. After ageing overnight, the suspension of 

functionalized nanocomposite was completely stable. Then 

the nanocomposite was thoroughly washed with distilled 

water using magnetic separation.[3] 

 

Figure 28: Synthesis of MWCNT@Fe3O4@SiO2-NH2 Nanocomposite. 

 

4.2.  H[COSAN] attached Nanocomposite 

The H[COSAN] was attached the same way it had been done 

for the MNPs to form the complex.  

Preparation of MWCNT@Fe3O4@SiO2-NH2 with 

Metallacarborane [MWCNT@Fe3O4@SiO2-NH2-Mcb]: 50 mg 

of MWCNTs@Fe3O4@SiO2-NH2 was suspended in 10 mL of 

water and with 5mM of H[Co(C2B9H11)2]. The mixture was 

sonicated for 15 min and cleaned 10 times with distilled 

water using magnetic separation. Finally, the sample was 

dried under vacuum at 80oC. 

The pictographic representation of this process is shown 

here which shows that the yellow solution of H[COSAN] 

turns colourless once all the H[COSAN] forms the complex 

with amine functionality on the nanocomposite. 
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Figure 29: Synthesis of MWCNT@Fe3O4@SiO2-NH2-Mcb Nanocomposite. 

5. Characterizations 

The nanocomposite was similarly characterized like the 

MNPs and the presence of the Mcb was confirmed by 

various techniques. The results of the characterizations are 

as follows. 

5.1.  TEM, STEM and SEM studies 

TEM and HRTEM studies: There were two samples of 

MWCNT@Fe3O4 prepared. This one below is of the sample 

in which the CNT has been oxidized only for 6 hours using 

the acid mixture procedure. In this case the carboxylated 

MWCNTs (MWCNTs–COOH) were prepared by refluxing 

the MWCNTs (500mg) in a mixture of concentrated sulfuric 

acid and nitric acid (3:1 v/v ratio) at 70°C for 4 hours. The 

total volume of acid used was 80ml. After 4 hours at 70oC, 

the mixture of acid along with the MWCNT was left for next 

2 hours in the same flask at room temperature. After 2 

hours at room temperature, the mixture was filtered using 

0.2μm PTFE hydrophobic filter membrane and washed with 

double distilled water until the pH of the filtrate became ~7 

and finally dried at 60 °C overnight. This was done and then 

further the Fe3O4 nanoparticles were attached onto the 

walls of the MWCNT as stated in the synthetic procedure 
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before. But we found during the TEM analysis that very few 

nanoparticles were attached to the MWCNTs. This is 

probably because of the partial oxidation of the CNTs 

occurring. This produced less COO- groups to attach the 

Fe3O4 nanoparticles further onto the walls of the CNTs. So, 

we increased the time for oxidation procedure to 21 hours 

and got better results regarding the attachment of the 

MNPs. Once we saw that the MNPs were more readily 

attached to the CNT which had undergone 21 hours of acid 

treatment, we further proceeded with that sample to coat 

the MNPs with silica and amine functional groups.  

The silica coated nanocomposites were studied in HRTEM 

as it showed a thick coating of SiO2 on top of both the 

MWCNTs and the MNPs attached to the MWCNTs, so a 

better resolution was needed to visualize them. HRTEM was 

also used for Mcb loaded nanocomposite.  

 

Figure 30: TEM images of (a) naked MWCNT, (b) MWCNT@Fe3O4 after 6 

hours of oxidation, (c) MWCNT@Fe3O4 after 21 hours of oxidation and (d) 

HRTEM of MWCNT@Fe3O4@SiO2-NH2. 
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Figure 31: HRTEM images of (a) MWCNT@Fe3O4@SiO2-NH2-Mcb at 0.2µm 

and (b) MWCNT@Fe3O4@SiO2-NH2-Mcb at 200nm. 

SEM and HRSEM studies: SEM and HRSEM were done for the 

nanocomposites without Mcb and with Mcb respectively. 

The SEM/HRSEM studies showed a 3D view of the 

nanocomposite. It showed the tubular structures of the 

MWCNTs and aggregated spherical structures of the MNPs. 

The Mcb was not clearly visible though in the SEM or 

HRSEM, but the formation of nanocomposite was clearly 

observed. 

 

Figure 32: SEM images of (a) MWCNT@Fe3O4@SiO2-NH2, (b) HRSEM of 

MWCNT@Fe3O4@SiO2-NH2, (c) HRSEM of MWCNT@Fe3O4@SiO2-NH2-Mcb 

and (d) SEM of MWCNT@Fe3O4@SiO2-NH2-Mcb. 



3.2.2. Magnetic Nanoparticles and Nanocomposites with H[COSAN] 

 

33 

 

STEM Studies: The STEM studies were done in order to 

visualize the Mcb in the nanocomposite as STEM allows to 

capture the bright field and dark field images. The contrast 

helps in separating the MWCNTs from the MNPs and the 

Mcb from the other two. In this case the STEM studies were 

done not only in an HRTEM machine but also in an Extreme 

high-resolution scanning electron microscopy (XHRSEM) 

with high angle annular dark field STEM images for the 

nanocomposite. In these images we could visualize the Mcb 

clearly which we could not observe in the HRTEM or 

HRSEM.  

  

Figure 33: STEM images of (a) MWCNT@Fe3O4@SiO2-NH2-Mcb from 

HRTEM, (b)MWCNT@Fe3O4@SiO2-NH2-Mcb from HRTEM and (c) 

MWCNT@Fe3O4@SiO2-NH2-Mcb from the HAADF-STEM of XHRSEM. The 

HAADF-STEM of XHRSEM gives a clearer visual of the cosane than the 

STEM of HRTEM. 

5.2. Chemical Composition Studies 

The chemical composition of the nanocomposites was 

studied with EDX, Electron diffraction and EELS.  

EDX Studies: 3 EDX studies were done. The 

MWCNT@Fe3O4@SiO2-NH2 was studied in both HRSEM 

with EDX and HRTEM with EDX, while 

MWCNT@Fe3O4@SiO2-NH2-Mcb was done in HRTEM too.  

The EDX for the MWCNT@Fe3O4@SiO2-NH2 in both HRSEM 

and HRTEM show the presence of Iron and silicon as seen 

in Figures 34 a and b.  
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Figure 34: EDX spectra of (a) MWCNT@Fe3O4@SiO2-NH2 from HRSEM, 

and (b)MWCNT@Fe3O4@SiO2-NH2 from HRTEM. The presence of Iron and 

Silicon is observed. 

The EDX for the MWCNT@Fe3O4@SiO2-NH2-Mcb was done 

in HRTEM. It is difficult to observe Boron in EDX as is 

explained before for the complex formed with MNPs. Still 

the EDX was done here in an attempt to observe the cobalt 

present in the Mcb. Due to the longer dimension of the 

MWCNTs, the amount of H[COSAN] present would be more 

than the amount of H[COSAN] present for the MNPs, so it 

would be possible to obtain even a minor peak of Co and it 

would confirm the formation of the complex on the 

nanocomposite of MWCNTs and the MNPs supported on it. 
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Figure 35: EDX spectra of MWCNT@Fe3O4@SiO2-NH2-Mcb from HRTEM. 

The presence of Cobalt of Mcb was detected which confirmed the presence 

of H[COSAN] in the nanocomposite. 

Electron Diffraction Studies: The selected area diffraction 

pattern was done on the nanocomposite 

MWCNT@Fe3O4@SiO2-NH2 and MWCNT@Fe3O4@SiO2-

NH2-Mcb. The diffraction pattern of the latter was more 

crystalline compared to the former, because of the presence 

of the Mcb. Due to its presence, the sample was more 

conductive. 

 

Figure 36: Electron diffraction pattern of (a) MWCNT@Fe3O4@SiO2-NH2 

from HRTEM and (b) MWCNT@Fe3O4@SiO2-NH2-Mcb. The second one is 

more crystalline as the sample is more conductive due to the presence of 

Mcb.  
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EELS Spectroscopy: In order to check the presence of Boron 

we used the Electron Energy Loss Spectroscopy (EELS). 

This shows clearly the Boron peak in the samples, thus 

confirming the presence of Boron and also that the 

nanocomposite synthesized contains the Mcb. The EELS 

spectrum showed the boron peak quite prominently and 

also the carbon peak in the sample was quite prominent. 

The carbon peak was prominent in the nanocomposite due 

to the MWCNTs being present in them.  

 

Figure 37: EELS spectrum of MWCNT@Fe3O4@SiO2-NH2-Mcb from 

HRTEM. The presence of Boron of Mcb was detected which confirmed the 

presence of H[COSAN] in the nanocomposite and also carbon peak was 

observed too from the MWCNTs. 

5.3. UV-vis Studies and Zeta Potential 

UV-vis Studies: The UV-vis studies were done to see how the 

absorbance of naked H[COSAN] changes with the addition 

of the MWCNT@Fe3O4-SiO2-NH2. The H[COSAN] normally 

shows an absorbance at 446nm and forms a yellow colour 

solution in water. So, 1mM solution of H[COSAN] was made 

in 5mL of water and the UV-vis was measured and it showed 

an absorbance around 446nm. Then, 2mg of 

MWCNT@Fe3O4-SiO2-NH2 was added to the solution of 

H[COSAN] and the solution was sonicated for 5 minutes. 
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Then, the nanocomposites were attracted by the magnet for 

around 10 minutes and the remaining solution was used to 

take the UV-vis measurement. It showed a considerable 

decrease in the intensity of absorbance. Then, the same 

thing was done again, more 2mg of MWCNT@Fe3O4-SiO2-

NH2 was added and sonicated for 5 minutes. Then magnetic 

extraction was performed and the remaining solution was 

measured and it showed almost negligible absorbance in 

the UV-vis. After the addition of 6mg of MWCNT@Fe3O4-

SiO2-NH2 there was no H[COSAN] remaining in the solution 

and the solution had turned clear. 

Figure 38: UV-vis spectrum of Mcb upon addition of 

MWCNT@Fe3O4@SiO2-NH2. The intensity of absorbance of Mcb reduces 

with increasing amounts of MWCNT@Fe3O4@SiO2-NH2 confirming an 

interaction between them. 

There was another set of experiments done with the UV-vis 

in which different amounts of time was used to extract the 

MWCNT@Fe3O4-SiO2-NH2-Mcb. It was seen that 8 minutes 

was sufficient to extract all the MWCNT@Fe3O4-SiO2-NH2-

Mcb. The solution of H[Cosane] prepared was the same as 

the previous study with UV-vis and the amount of 

MWCNT@Fe3O4-SiO2-NH2 added was 5mg. 5mg was used as 

the quantity because we earlier saw that with 6 mg of 
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MWCNT@Fe3O4-SiO2-NH2, almost no absorbance was seen, 

so with 5 mg we could see a similar thing here. Keeping the 

quantity constant, the extraction was done for 2 minutes, 

then 4, 6 and 8 minutes. By 8 minutes we could extract 

almost all of the nanocomposite and get no absorbance 

from the remaining solution. 

Figure 39: UV-vis spectrum of Mcb upon addition of 

MWCNT@Fe3O4@SiO2-NH2 with different times of magnetic extraction. 

Zeta-Potential Studies: The zeta potential was measured for 

the nanocomposite of MWCNT@Fe3O4-SiO2-NH2-Mcb and 

the MWCNT@Fe3O4-SiO2-NH2. The one without the Mcb has 

a positive zeta potential due to the presence of the NH2 

groups at the surface while on attaching the Mcb the 

polarity changes swiftly to negative potential due to the 

Mcb being present on the surfaces. The change in polarity 

gives conclusive proof of the presence of Mcb in the 

nanocomposite and its attachment to the MWCNT@Fe3O4-

SiO2-NH2. The zeta potential values lie between 0 to 30mV, 

thus making the suspension not very stable. The particles 

have the tendency to aggregate and precipitate after some 

time.   
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Figure 40: Zeta Potential of MWCNT@Fe3O4-SiO2-NH2. The value is 

+14.1mV 

 

 
Figure 41: Zeta Potential of MWCNT@Fe3O4-SiO2-NH2-Mcb. The value is  

-23.5mV 

 

 

5.4.  Elemental mapping 

Elemental mapping in HRTEM: The elemental colour 

mapping was done. The mapping shows the different 

elements in different colours spread across the sample. The 

mapping was done in order to see the distribution of boron, 

iron, carbon and silicon.  In the mapping the Boron in red is 

very clearly visible and the MNPs in green colour. The 

silicon is visible all throughout the sample as it has coated 

everything from the MNPs to the MWCNTs and it is visible 

in blue all through-out the sample. The carbon is visible in 

the bottom left in green, the background showing green 

colour is coming from the sample holder and the 

highlighted greenish regions showing the MWCNTs. 
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Figure 42: Elemental mapping of MWCNT@Fe3O4-SiO2-NH2-Mcb. The top 

images show Iron (green) and Boron (red). The bottom left image shows 

Carbon (green) and Iron (red) and the bottom right image shows Iron (red) 

and Silicon (Blue).  

 

Elemental mapping in XHRSEM: The colour mapping was 

done in an XHRSEM machine. In higher resolution the SEM 

micrograph images were taken and mapped by different 

colours to show the presence of three different elements. It 

shows the presence of carbon, iron and the oxygen. The 

distribution is given in different colours. It is Iron in yellow, 

Oxygen in green and Carbon in red. It is difficult to detect 

Boron with SEM elemental map. Boron can only be mapped 

if it is present in great excess throughout the sample. Silicon 

is not mapped in these SEM elemental mapping because the 

silicon is present in the detector and that is why the 

mapping is not correct for Silicon in these maps.  
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Figure 43: Elemental Colour Mapping of MWCNT@Fe3O4-SiO2-NH2-Mcb 

with Iron (yellow), Oxygen (green) and Carbon (red). 

 

5.5. Magnetic Hysteresis Study 

 
Magnetic Hysteresis:  The hysteresis loop was studied on a 

Superconducting quantum interference device (SQUID) at 

room temperature (300K). It shows the superparamagnetic 

property of the MWCNT@Fe3O4-SiO2 nanocomposite 

prepared. The saturated magnetisation is of around 0.03 

emu/g while the saturated magnetisation is around 0.06 

emu/g for MWCNT@Fe3O4-SiO2-NH2. It is higher than the 

magnetisation achieved with only silica coated MNPs 

attached to the walls of MWCNT.  

 
Figure 44: Magnetic Hysteresis of (a) MWCNT@Fe3O4-SiO2 (Ms: 0.03 

emu/g) and (b) MWCNT@Fe3O4-SiO2-NH2 (Ms: 0.06 emu/g). 
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There is a slight reduction in the magnetization value 

further though when the Mcb is attached to the 

nanocomposite. The one with Mcb has 0.024 emu/g 

compared to the 0.06 emu/g of MWCNT@Fe3O4-SiO2-NH2. 

All the samples preserved their superparamagnetic 

properties.  

 
Figure 45: Magnetic Hysteresis of MWCNT@Fe3O4-SiO2-NH2-Mcb (Ms: 

0.024 emu/g). 

 

6. Colloidal Stability 
 

The colloidal stability is a big issue with the MNPs or 

magnetic nanocomposites. Since their advent there remains 

a big issue surrounding the stability of the MNPs in colloids. 

The more stable they are in a colloidal state, the less easy it 

is to use them for magnetic separation. While on the other 

hand if they are less stable then they are easier to isolate by 

external magnetic field application. So, for this a 

compromise has to be made regarding them and based on 

their application they are synthesized as needed. In order to 



3.2.2. Magnetic Nanoparticles and Nanocomposites with H[COSAN] 

 

43 

 

improve magnetisation, larger particles can be synthesized 

as we have discussed in this chapter. These show higher 

magnetisation but much less stability in colloidal state as 

due to their large sizes they have a greater tendency to 

aggregate.  

3 reasons why the MNPs are more prone to aggregation are 

listed below: 

• Compared to other nanoparticles, agglomeration is 

even more significant for MNPs as there exist 

magnetic dipole-dipole attraction among 

themselves (Golas et al. 2010).  

• In particular, the magnitude of this magnetic 

dipole-dipole attraction is directly proportional to 

power 2 of the particle saturation magnetization 

and power 3 of the particle size. 

• Sedimentation of the agglomerates from its 

suspension is a challenge (Yu and Xie 2012) which 

could limit mobility and applicability of MNPs 

(Matlochová et al. 2013).  

In order to improve stability and also preserve the magnetic 

properties few things can be done which are listed below: 

• Sonication: this is a mechanical way and very 

effective in disaggregating the particles and 

dispersing them in colloidal state. 

• One of the other methods is using inorganic shell 

coating like Silica or carbon coating to improve the 

stability. 

• Also, surface coating with macromolecules like 

polymers or surfactants can be used for improving 

stability. 

• Increasing viscosity of the medium can also 

prevent aggregation as the particles cannot get 

dispersed easily and travel through the viscous 

medium thus preventing aggregation. This can be 

done by gum gelation or by emulsion formation. 
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We have already tried sonication for their stability 

improvement. The MNPs and nanocomposites synthesized 

in these have already been sonicated to improve their 

stability but it does not make the MNPs last in suspended 

state for more than a few hours. We have also coated them 

with silica and H[COSAN] to increase their stability in 

suspension. They have improved their stability but does not 

make them stable enough for applications in long term 

purposes. These MNPs and nanocomposites that we made 

can be used for faster applications which can be done within 

a few hours. So, in order to further work on this, we tried 5 

different surfactants.  

 

6.1. Stability with different Surfactants 
 

The 5 different surfactants were used for this purpose. They 

are: 

• Citric Acid 

• Tricaprylylmethyl ammonium chloride 

• Cetyl trimethyl ammonium chloride (CTAC) 

• Tetrabutyl ammonium chloride 

• Dimethyl di-octadecyl ammonium chloride 

 

Out of these 5 the last one was successful in providing long 

term stability. This was so because, it increased the 

viscosity of the medium and hence stopped the MNPs from 

aggregating. But this came with a major drawback, that 

these MNPs were harder to extract using an external 

magnet. Different concentrations of the surfactant were 

studied but the trend was same, the more stable they 

became the harder it was to extract them. The zeta-

potential values obtained for each surfactant is given in the 

table and also the different zeta-potential obtained for 

different concentrations of dimethyl di-n-octadecyl 

ammonium chloride. 

 



3.2.2. Magnetic Nanoparticles and Nanocomposites with H[COSAN] 

 

45 

 

Surfactant Zeta-Potential 
Citric acid 15.6mV 

Tricaprylyl methyl ammonium chloride 26.8mV 
CTAC 22.6mV 

Tetrabutyl ammonium chloride 36.9mV 
Dimethyl di-n-octadecyl ammonium 

chloride 
54.2mV 

Table 1: Stability of Fe3O4@SiO2-NH2 with different surfactants. 

 

The stability was checked for amine functionalized MNPs as 

they gave the best results with H[COSAN] so we wanted to 

stabilize them for further use. 

 

MNPs 
(wt) 

Dimethyl di-n-octadecyl 
ammonium chloride (wt) 

Zeta-
Potential 

5mg/10mL 2.5mg 15.4mV 
5mg/10mL 5mg 18.9mV 
5mg/10mL 10mg 28.4mV 
5mg/10mL 15mg 30.2mV 
5mg/10mL 20mg 38.7mV 
5mg/10mL 25mg 44.65mV 
5mg/10mL 30mg 50.2mV 

Table 2: Stability of Fe3O4@SiO2-NH2 with different amounts of dimethyl 

di-n-octadecyl ammonium chloride. 
 

Till 15 mg of the surfactant the dispersion was stable and 

with lots of time small amount of MNPs could be extracted 

by the magnet. But to obtain them completely dry and free 

of the surfactant is difficult as it makes the suspension 

extremely viscous. 

More work needs to be done in improving the stability of 

these magnetic nanoparticles and nanocomposites to be 

utilised in all sorts of applications and not just of one kind. 
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7. Conclusions 

We have successfully synthesized magnetic nanoparticles 

(MNPs) and magnetic nanocomposites (MNCs) using 

colloidal chemistry. These nanoparticles have been 

functionalized with both NH2 groups and COOH groups. 

They have been used to form a non-bonded complex for the 

first time with H[COSAN] and thoroughly characterized. 

Also, for the first time functionalized magnetic 

nanocomposites have been formed and also, they have been 

used to form complexes with the H[COSAN] and tested. The 

synthetic procedure uses mechanical stirring for the MNPs 

to be coated with SiO2 layer. This is important for the 

reaction as magnetic stirring will hinder the MNPs from 

being stirred in the reaction mixture as all the MNPs get 

attached to the stirring bead. Hence for the inorganic shell 

coating it is imperative to use a mechanical stirrer.  

Their attachment to the H[COSAN] was done in order to use 

the MNPs and the MNCs for sensing applications. This is 

because the H[COSAN] is a redox specie and has a tuneable 

HOMO-LUMO which enhances the possibility of using it in 

sensing applications. Attempts have been made to improve 

the colloidal stability of these MNPs and nanocomposites 

using various methods like surface coating with inorganic 

materials or surfactants, increasing viscosity or by 

sonication. Moreover, the presence of H[COSAN] opens up 

avenues for these MNPs or nanocomposites to be utilised in 

catalytic or other applications in the future. Also, the 

functionalization with COOH and NH2 has been done on 

these MNPs and magnetic nanocomposites because they 

can be used to be attached to antibodies in the future and 

help in detection of varied antigens. All this work has been 

done as part of a European Project KARDIATOOL for 

designing a new Point of Care Device (POC) for heart failure 

patients. 
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4. Conclusions  
  

Conclusions 
The major conclusions of this thesis are 
listed here. It gives individual conclusions 
for the studies done in each chapter and 
also a general conclusion at the end. 
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The results in this thesis has been divided into two main 

parts. The first part of results and discussions deals with the 

quantum nanocrystals and the second part with magnetic 

nanoparticles and magnetic nanocomposites. The first part 

consists of three chapters dealing with the aqueous 

quantum nanocrystals and their composite, the second part 

consists of two chapters dealing with the magnetic 

nanoparticles and their composites. The conclusions for the 

individual chapters are listed below followed by the general 

conclusion of the thesis.  

 The first chapter deals with aqueous quantum dots 

being capped with meta-carboranyl phosphinate. The major 

conclusions of this chapter are: 

✓ It was demonstrated for the first time the ability of 

spherical carboranyl ligands to be appended to 

quantum dots. The use of spherical ligands to 

quantum dots is rare and has hardly ever been 

done before. 

✓ This kind of capping of a spherical core with a 

spherical ligand has helped us to obtain a new 

architecture for quantum dots named core-canopy 

quantum dots by us. 

✓ The architecture has helped us to obtain a never 

before luminescence phenomenon which we 

named as kinetic fluorescence switching (KFS). It 

was observed that these quantum dots showed 

intense luminescence, then faded and upon 

application of kinetic energy, showed the original 

intensity of luminescence again. 

✓ This unique luminescence phenomenon has been 

demonstrated as a synergy between the spherical 

capping ligand and the surfactants which has been 

used. 

✓ Studies have been done regarding the different 

surfactants and the need to use the one which is 
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tricaprylyl methyl ammonium chloride has been 

explained. 

✓ A hypothesis has been given forward with respect to 

the architecture, for the reason to obtain such a 

luminescence phenomenon. 

✓ The capping of the spherical core with a spherical 

ligand has been compared to the capping of the 

spherical core with long carbon chain ligands and 

their luminescence properties. 

✓ Further comparison with 2D Phenyl phosphinate 

ligand has also been done and the necessity of 3D 

spherical ligands has been demonstrated.  

 The second chapter deals with aqueous quantum 

dots being synthesized using a new set up. The major 

conclusions are: 

✓ A new set up has been designed using ace pressure 

tubes and a cork insulated bath to obtain quantum 

dots in water with intense luminescence properties. 

✓ We have demonstrated a method which combines 

the advantages of the cheap and easy synthetic route 

of the aqueous synthesis and the high luminescence 

intensity and quantum yield obtained by the 

quantum dots produced in hot-injection synthesis. 

✓ The quantum dots have been compared with the 

traditionally synthesized quantum dots in water and 

their luminescence properties have been compared. 

✓ Time dependant luminescence colour and sizes were 

obtained as is common for organometallic 

synthesized quantum dots, but this was shown here 

by us in an aqueous synthesis using the new set up. 

 The third chapter deals with quantum nanocrystals 

in aqueous medium. The major conclusions are: 

✓ The new set up was used along with a new 

composition of Cd:Se which is thrice the traditional 

composition to obtain for the first time quantum rods 

and quantum rings in an aqueous synthesis. 
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✓ The synthesis of these quantum nanocrystals has 

never been reported before in an aqueous medium, 

and they have been synthesized and characterized by 

us for the first time using common reagents. 

✓ These quantum nanocrystals can be stored in 

powdered form, suspended form in different 

solvents for more than 18 months without 

degradation in colloidal stability or luminescence 

property. 

✓ They showed intense luminescence compared to the 

traditional quantum dots in water. 

✓ These quantum nanocrystals were used to form films 

using polymers like PVA and PDMS. These films or 

nanocomposites showed good luminescence 

properties and could retain their luminescence for 

more than a year. 

✓ These composites were also tested for 

electroluminescence and showed considerable 

luminescence on electrical stimulation, thus making 

them good candidates for QLED applications 

 The fourth chapter deals with magnetic 

nanoparticles coated with meta-carboranyl phosphinate. 

The major conclusions are: 

✓ MNPs coated with m-carboranylphosphinate was 

successfully synthesized and characterized.  

✓ Our newly synthesized boron nanohybrids 1-MNPs 

showed colloidal stability in different culture 

media and at temperatures (room temperature and 

37°C) and a nanometric size, supporting their use 

in biological studies. 

✓ The study shows that the newly synthesized 

nanohybrid 1-MNPs could be used to target cancer 

cells for tumour imaging and treatment with BNCT 

therapy. 

✓ Specifically, the 1-MNPs compound is taken up 

from culture media by glioblastoma multiform cell 

line A172 in a higher amount than in the 
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endothelial cells with cell-tracking properties due 

to the magnetic core of 1-MNPs by showing a 

reduced signal on T2 weighted Magnetic 

Resonance Imaging (MRI). 

✓ Moreover, BNCT was performed on A172 cells 

treated with 1-MNPs, demonstrating the eligibility 

of 1- MNPs as boron vectors for an efficient BNCT. 

✓ The amount of both Fe and Boron internalized by 

A172 tumour cells in our study is sufficient to allow 

a successful MRI guided BNCT since it exceeds the 

minimum amount of 10B necessary to perform 

BNCT. 

✓ Finally, it was assessed that the systemic 

administration of these 1-MNPs in adult mice are 

well tolerated at mid-term with no major signs of 

toxicity.  

   The last chapter deals with magnetic 

nanoparticles and magnetic nanocomposites with carbon 

nanotubes, both forming complexes with H[COSAN]. The 

major conclusions are: 

✓ Magnetic nanoparticles were synthesized and 

coated with silica using mechanical stirrer and 

functionalized with amino groups, carboxylic 

groups and characterized. 

✓ The magnetic nanoparticles were used to form a 

non-bonded complex with metallacarborane, 

cobaltabis(dicarbollide) or H[COSAN].  

✓ Magnetic nanoparticles are used to form 

composites with multi walled carbon nanotubes. 

These nanocomposites are functionalized to be 

used for biological applications which is 

uncommon. 

✓ Also, these nanocomposites have been used to form 

a complex with H[COSAN]. The attachment of 

H[COSAN] to these magnetic species is to add a 

redox specie to them to tune the HOMO-LUMO and 

use them as sensing layer in sensors. 
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