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ABSTRACT
In this research, a series of novel organometallic dendrimers were synthesized using a divergent
approach, and their potential in materials science as “nanocomposites and magnetic materials” and
biomedical applications were investigated. The structure of the dendrimers was confirmed by their
spectral data and elemental analysis. Nine-mole ratios of nanocomposites, consisting of an
organometallic dendrimer and molybdenum disulfide (MoS2), were synthesized. The mole ratio
of MoS2 to the dendrimer was systematically varied from an upper limit (1:0.5) to a lower limit
(1:0.002). These nanocomposites exhibited high crystallinity and showed an increase in d-spacing
upon intercalation of the dendrimer molecules. The ideal condition for the preparation a crystalline
monophasic system is at low dendrimer concentration, no more significant than 1:0.125 molar
ratio of MoS2 to dendrimer and no lower than 1: 0.002 molar ratio, while biphasic systems were
observed at a molar ratio higher than a 1:0.125 of MoS2 to the dendrimer due to dendrimer
aggregation at high concentration.
The synthesized organometallic dendrimers were also investigated as a new type of precursor
for the assembly of magnetic materials that contain a mixture of iron- and cobalt-phosphides
phases with tunable magnetism. Electron microscopy indicated the crystalline nature of the nearly
aggregated particles for both designed magnetic samples. Fe-containing homometallic dendrimers
and Fe/Co-containing heterometallic dendrimers were used to develop magnetic materials
containing multimetallic phosphide phases. In contrast to heterometallic samples, homometallic
samples showed dendritic effects on their magnetic properties. Specifically, saturation
magnetization (Ms) and coercivity (Hc) decrease as dendritic generation increases. Also, the
incorporation of cobalt into the homometallic dendrimers led to markedly increases in the magnetic
properties of the magnetic materials from 60 - 75 emu/g. Temperature change responses showed
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that heterometallic samples were less sensitive to temperature changes than homometallic
dendrimers due to the presence of Co2P.
Furthermore, organometallic dendrimers were also functionalized with aspirin units in the
periphery to enhance the bioavailability activity of aspirin and diminished its toxicity through
successive generations of organoiron dendrimers. Furthermore, four generations of aspirinderived dendrimers were synthesized, and their biological activity was also evaluated. All the
developed complexes were tested in vitro for their antibacterial activity against Gram-positive
bacteria, Bacillus subtilis (ATCC 6051), and Staphylococcus aureus (ATCC12600), Gramnegative bacteria Escherichia coli (ATCC 1175), and Klebsiella pneumoniae (ATCC10145) using
agar well diffusion. An increase in the antimicrobial activity of all synthesized dendrimers with
increasing generations was observed for most microorganisms. Indeed, this study reveals for the
first time that organometallic dendrimers linked with aspirin show an excellent Gram-negative
ability comparable to the standard drug Gentamicin. All created dendrimers were also tested for
their anti-tumor activity against breast cancer cell lines (MCF-7), hepatocellular cell lines (HepG2), and a non-cancer cell line Human Embryonic Kidney (HEK293), utilizing the MTT cell
viability assay and compared against a reference anticancer drug, Doxorubicin. Complexes G3D9-Asp and G4-D12-Asp showed noticeable activity toward both cell lines, which were more
effective than aspirin itself. Furthermore, the in vivo anti-inflammatory activity and histopathology
of swollen paws were examined and displayed significant anti-inflammatory activity for all
designed complexes; however, G2-D6-Asp displayed the best anti-inflammatory ability, which
was stronger than the reference drug during the same period. Therefore, the functionalized
organometallic dendrimer with aspirin demonstrated a significant reduction in the toxicity of
aspirin on the stomach.
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Chapter One: Introduction
1.1 Iron-Containing Efficient Materials
It can be said that innovations in science and technology depend on the discovery and
development of novel materials. A classic example is the independent discoveries of new and very
stable organometallic compounds that contain iron sandwiched between two cyclopentadienyl
ligands by Kealy et al.1 and Miller et al.2 in 1951 (Fig.1.1). Before this finding, organometallic
compounds with a transition metal-carbon bond were rare, making this compound a subject of
wonder in the chemistry community, especially after the proper structure – [Fe(η5-C5H5)2] – was
independently explained by Fischer et al.3 and Wilkinson et al. in 1952.4 More importantly, these
developments extended the boundaries of chemistry, linking organic chemistry with inorganic
chemistry, and eventually led to the development of advanced organometallic chemistry. The
compound — later called ferrocene by Woodward et al.5 — remains a symbol of organometallic
chemistry, and fostered breakthroughs in basic and applied research that expanded the boundaries
of organometallic chemistry into areas such as materials science and medicine. The continued
interest in ferrocene as an organometallic element is due to its low cost, stability, and reactivity.6,7
Ferrocene chemistry is versatile and includes reactions at the iron center and the cyclopentadienyl
ligands.8 For example, strong acids protonate the iron center (Fig.1.1),8,9 different reagents react
at the cyclopentadienyl ligands (η5-Cp) (Fig.1.2),8,9 and arene ligands replace a cyclopentadienyl
ligand (Fig.1.3).9 These reactions provide many derivatives that are now essential precursors in
the advancement of novel efficient materials.
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1.2 Chemistry of η6-Arene-η5-Cyclopentadienyliron Complexes
1.2.1

Synthesis of η6-Arene-η5-Cyclopentadienyliron Complexes

In 1963, Nesmeyanov10 first reported on a ligand exchange reaction (Fig.1.3) which was the
general synthesis pathway for a series of ferrocene derivatives, a mixed ligand, 18-electron,
cationic η6-arene-η5-cyclopentadienyliron(II) ([η6-arene-η5-CpFe]+) Compounds. From the
functional substances perspective, these complexes are critical for multiple reasons. First, the
presence of iron in these compounds’ structures imparts redox activity which has implications for
catalytic and biological applications.11-14 Moreover, the iron triggers the arene ligand towards
deprotonation

15-17

and nucleophilic substitution and addition reactions due to the electron-

withdrawing ability of the metallic moieties.11-14, 16-20 Indeed, several organic chemists utilize the
chemistry of [η6-arene-η5-CpFe]+ complexes to facilitate syntheses of arenes complexes. These
arene complexes are easily produced and support a broad range of complexes due to their electronwithdrawing solid abilities, which arise from the positive charge on the iron center, facilitating
nucleophilic aromatic substitution and addition reactions on the arene rings. These properties make
arene complexes an important class of materials in the design of monomers, polymers, and
dendrimers.21,22

1.2.2

Reactions of η6-Arene-η5-Cyclopentadienyliron (II) Complexes

1.2.2.1 Nucleophilic Aromatic Substitution Reactions
The nature of the electron-withdrawing of the cyclopentadienyliron moiety escalates the
activity of the arene molecules towards nucleophilic aromatic substitution.22 Typically, an
aromatic substitution reaction of chlorobenzene with phenol needs a long reaction time with high
temperature and pressure or a strong catalyst.22, 23 On the other hand, phenolic groups, in the
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presence of weak bases such as K2CO3, easily substitute η6-chlorosubstituted-arene-η5cyclopentadienyliron(II) complexes at 25°C. These complexes are subject to photocleavage, redox
reactions,

and nucleophilic substitution,

and addition

reactions.23

The η6-arene-η5-

cyclopentadienyliron(II) complexes have remarkable reactivity due to their ability to undergo a
varied selection of chemical reactions, including reactions with either of the complexed rings,
their substituents, or the iron itself.23
According to conventional organic chemistry, aromatic compounds are easily prone to
electrophilic attack and, in the presence of one or more electron-withdrawing substituents, are
equally susceptible to act as electron acceptors and undergo reaction in the presence of a
nucleophile.24 Nesmeyanov et al. investigated the ability of an organometallic moiety such as
CpFe+ to work as a robust electron-withdrawing group, thereby activating a complexed arene
toward nucleophilic attack.24 Since then, these organoiron complexes have been extensively
utilized as precursors in many metal-mediated reactions, including novel syntheses of
macrocycles, heterocycles, dendrimers, and different monomers for polymerization.25-27 Several
studies have involved the reaction of sulfur-, oxygen- and nitrogen-based nucleophiles to yield
aryl ether and thioether bonds. These reactions are important due to the presence of metal catalysts.
For instance, cyclopentadienyliron moieties have been applied in the synthesis of a range of cyclic
aryl ethers containing symmetric and asymmetric bridges via nucleophilic aromatic substitution
reactions of m- or o-dichlorobenzene complexes with one equivalent of the bridging nucleophile.
Following cleavage of the metallic moieties, ring-opening polymerization of these aromatic
macrocycles using an anionic initiator resulted in the isolation of polyaromatic ethers.24 Figure
1.4 illustrates the synthesis of mono- and di-iron complexes via the reaction of p-dichlorobenzene
cyclopentadienyliron with hydroquinone.
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Figure 1.4. Synthesis of aryl ether complexes of cyclopentadienyliron.

Further nucleophilic aromatic substitution reactions of cyclopentadienyliron complexes
provided the development of various monodisperse oligomers containing up to 35 metals in their
backbones.28 The isolation of purely aromatic ethers has been achieved via de-coordination of the
metallic moieties. These materials can be applied as engineering thermoplastics due to their
outstanding thermal and chemical stabilities.
In the past decade, Abd-El-Aziz et al. focused on the synthesis of cationic organic iron
complexes containing the various functional groups using nucleophilic substitution reactions.
They have exploited the beneficial attributes of the Cp-iron moiety in the synthesis of many
organoiron-containing monomers, dendrimers, and polymers.29-31 The monometallic acid complex
was synthesized by reacting η6-dichlorobenzene-η5-cyclopentadienyliron hexafluorophosphate
complex with 4-hydroxybenzoic acid(Fig.1.5). 32
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Figure 1.5. Synthesis of a monometallic acid complex containing a cationic iron moiety.

A similar reaction can be followed with η6-dichlorobenzene-η5-cyclopentadienyliron
hexafluorophosphate and 4, 4-bis (4-hydroxyphenyl) valeric acid to prepare a bimetallic acid
complex under the same reaction conditions (Fig.1.6).32

Figure 1.6. Synthesis of a bimetallic acid complex containing two cationic iron moieties.

These carboxylic acid derivatives were reacted with various organic reagents to yield esters.
While there are several synthetic approaches for the formation of esters between phenolic OH
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group and carboxylic acids derivatives,33 Steglich esterification was selected because of its
efficacy and trivial reaction conditions. The reaction was performed at room temperature for
approximately 18-24 hours by using dicyclohexylcarbodiimide (DCC) as a coupling reagent

33

,

and 4-dimethylamino pyridine (DMAP) as a catalyst.
In this thesis, carboxylic acid-containing cationic organoiron complexes previously reported by
Abd-El-Aziz et al. will be used in esterification reactions to build higher generations and also to
form new bimetallic complexes containing carboxylic group bearing aspirin units.

1.2.2.2 Electrochemical Properties of η6-Arene-η5-Cyclopentadienyliron Complexes
Substantial efforts have been made to explore the electrochemical behavior of η6-Areneη5cyclopentadienyliron complexes as a promising material in the area of electron transfer chain
catalysis.34-39 It has been reported that this complex can be electrochemically reduced in two main
steps (Fig.1.7). The first electrochemical reduction process turns the cationic 18-electron species
into a neutral 19-electron complex, while the second reduction step drives to an anionic 20-electron
complex. Solodovinkov also reported the formation of a highly unstable 21-electron dianionic η6Arene-η5-cyclopentadienyl iron naphthalene complex.40

-

+
eFeII

eFe0

FeI

Figure 1.7. Reduction processes in η6-arene-η5-cyclopentadienyliron complexes.
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Astruc et al. isolated the neutral nineteen-electron complexes formed from the electrochemical
reduction of peralkylated arene complexes of cyclopentadienyliron. It has been demonstrated from
X-ray studies that the iron-cyclopentadienyl bond is longer than those found in cationic
cyclopentadienyliron

arene

complexes.41,42

The

permethylated

arene

complex

of

cyclopentadienyliron can be reduced to yield a stable nineteen-electron complex, and it has been
reported that these are the most electron-rich molecules that have been investigated, making them
valuable as molecular electron reservoirs.41,43-45 These nineteen-electron complexes are termed
electron reservoirs because they have one electron in their antibonding orbital, which makes them
effective monoelectronic reducing agents.45,46 Peralkylated arene complexes are useful electron
reservoirs due to steric crowding, which stabilizes the radicals. There are three areas where
transition metal electron reservoir complexes may find applications: stoichiometric electron
transfer, mediation or redox catalysis, and initiation of electron-transfer chain catalysis. Astruc
reported that the varying number of methyl groups on the arenes result in tailored electrocatalysts
due to the numerous redox potentials.47
It has been stated that the reversibility of the second reduction step is dependent on the reaction
conditions. The reduction behavior of the cyclopentadienyliron complexes was found to be highly
influenced by the nature of the arene and the Cp ring, the solvent type as well as solution
temperature.10,37 The redox behavior of several polycyclic arene complexes has been studied in
acetone, acetonitrile, N, N-dimethylformamide, dimethyl sulfoxide, and propylene carbonate using
cyclic voltammetry.48 It was observed that the first reduction process was chemically reversible at
22 and -60oC, while the second reduction process was chemically reversible only at -60oC in
DMF.48 The coordinating ability of these solvents was also a significant factor in obtaining a
reversible second reduction wave. The nineteen-electron complexes were the least stable in
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more highly coordinating solvents such as DMSO and acetonitrile. Also, arene complexes with
electron-withdrawing substituents were reduced faster than those with electron-donating
substituents.48
The electrochemical behavior of oligomeric aryl ether complexes of cyclopentadienyliron has
proved that the iron centers behave as electronically isolated redox sites.25,37,49 In contrast,
bimetallic complexes containing aryl thioether spacers showed a small degree of electrochemical
interaction between the iron centers.37 The ability of electrons to flow through the conjugated bridge
between the complexed aromatic rings makes the second iron center harder to reduce due to the
increased electron density resulting from the reduction of the first iron center. Thus, the second
iron center gets decreased to a slightly more negative potential than the first iron center. It was
also found that the thioether complexes were nearly five times more stable than their ether
analogs. The cyclic voltammogram (CV) of a tri-iron complex containing aryl ether moieties
was obtained in DMF using a sweep rate of 0.1 V/s (Fig. 1.8).50

Figure 1.8. Cyclic voltammogram of Hexa-aryl ether complex.50
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The CV of Hexa-iron complexes showed that two distinct redox processes are occurring, which
can be attributed to the inner three and outer three iron centers (Fig. 1.9).

Figure 1.9 Cyclic voltammogram of Hexa-aryl ether complex.50

1.3 Organometallic Dendrimers
1.3.1

Introduction and Synthesis Routes.

Dendrimers are a class of macromolecules that are highly branched, multivalent, globular, and
monodisperse polymers with well-defined symmetrical and three-dimensional structures.51,52 The
term dendrimer is derived from the Greek language, meaning "part of a tree" (dendros = tree, meros
= part).53 In 1941, Flory was the first to conceive the idea of preparing branched molecules54, 55
and in 1978, the first dendrimer-like compound, polypropylene imine (PPI), was developed by
Vögtle et al.56 However, difficulties encountered with the synthetic method led to the formation of
only low generation compounds. Three years later, in 1981, Denkewalter obtained a patent for the
synthesis of poly(lysine) dendrimers up to the 10th generation.57 Then, in 1985, Tomalia published
the synthesis of poly(amidoamine) (PAMAM) dendrimers up to the 10th generation and defined
this new class of polymers ‘‘dendrimers.’’51 In the same year, Newkome reported the synthesis of
10

three generations of poly(ether) dendrimers.58 Since then, over 100 different dendrimer structures
have been achieved, and many of these dendrimers are commercially available.59 Dendrimer
structure consists of a core molecule, branches, internal cavities, and several terminal groups.
Dendrimer can be synthesized either by divergent (outwards) or convergent (inwards)
methods.59 The synthesis of dendrimer according to the divergent routes proceeds stepwise starting
from a functional core molecule (function groups ≥ 2) and sequential attachment of building blocks
known as monomers. 59,60 Several advantages are provided through the use of diversion procedures,
such as the rapid creation of several generations of dendrimers due to the possible automation of
the repetitive steps and the ability to stop the reaction at any step.

60, 61

Moreover, the divergent

method enables the preparation of high molecular mass dendrimers and allows for ease of
modification of the entire surface of the dendrimers in a single step.

62, 63

For this reason, all

commercially available dendrimers are synthesized using this strategy. Conversely, using the
convergent method, individual dendrimer wedges (terminal group) are synthesized first and then
coupled to a multifunctional core.64 The benefits of the convergent method include the ability to
obtain dendrimers without structural defects due to the limited number of reactions performed on
the same molecule from one generation to the next. The result of this arrangement is greater
process control, greater purity of the composite formation, and lower consumption of reagents
compared to the divergent method. In addition, the product is easier to purify using
chromatographic techniques due to the large differences in molar mass and polarity between the
fully substituted dendron/dendrimer and the by-products. Both methods can result in various
dendrimers, including polyethers, polyamide, poly (amidoamine), poly (propyleneimine), and
organometallic.65,66 Also, the interesting nanoscale formation of dendrimers provides them some
structural advantages over the linear polymers, including target-ability, fast cellular entry, and very
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easy pass-through biological barriers through transcytosis.67 Accordingly, the design, analysis, and
applications of dendrimers continue to attract the interest of researchers in various fields, such as
electronics, catalysis, biomedical, and advanced technology applications. 67
Recently, attention has shifted toward the synthesis of dendrimers containing transition metals
in their structure.68-70 Transition metal coordination has the potential to facilitate the synthesis of
different supermolecular structures.71 The organometallic dendrimers can be classified by the
position of metals: the metal centers are placed at the infrastructure's core, as connectors between
branching centers or act as terminal groups 71 (Fig. 1.10).

Figure 1.10. Position of metals in organometallic dendrimers: (a) as cores; (b) as branching center;
(c) as termini.

1.3.2

Applications of Organometallic Dendrimer

The interest in developing these types of macromolecules was the result of the introduction of
transition metals into dendritic structures which allowed access to highly ordered macromolecules
with attractive electronic, magnetic, and photo-optical properties.71, 72 For instance, the ruthenium
alkenyl bis(di-identity phosphine) dendrimer demonstrated a multiphoton absorption,72 an
indicator of the possible application of organometallic dendrimers as multiphoton absorbing
materials. The redox-active ability of iron in [η6-arene-η5-CpFe]+ complexes — making
12

conjugation of these complexes to the macromolecules a synthesis method towards redox-active
materials 73-75 — have considerable implications for biology and catalysis. Using these complexes,
Abd-El-Aziz et al. have applied η6-dichlorobenzene-η5-cyclopentadienyliron (II) complex to build
a library of redox-active macromolecules that include linear polymers,30, 76,77 star-3-polymers 78,79
and hyperbranched polymers,80 to show their versatility. Recently, Abd-El-Aziz et al.81 reported
the design of three generations of redox-active, photonicnaphthyl-capped dendrimers based on η6dichlorobenzene-η5-cyclopentadienyliron (II) complexes in every dendritic branch via wellestablished synthetic approaches. The developed dendrimers are characterized by an alternating
flexible, aliphatic ester portion and rigid, aromatic ether portion (Fig.1.11); features that simulate
hydrophilic and hydrophobic portions of amphiphilic macromolecules.
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Figure 1.11. Three-generation dendrimers based on η6-dichlorobenzene-η5-cyclopentadienyliron
(II) complex.

Metal moieties can also be embedded in various locations. For instance, Cuadrado et al.
reported the design of low-generation organosilicon dendrimers containing arenes coupled to
chromium tricarbonyl moieties.82,83 The dendrimers were coordinated with a chromium complex
to produce the organosilicon dendrimers, as shown in (Fig.1.12).
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Figure1.12. Organosilicon dendrimer functionalized with chromium tricarbonyl moieties.

Also, a macroscopic property of dendrimers, which arise from their well-controlled iterative
syntheses, has placed these intriguing macromolecules at the forefront of biomedical research. The
presence of transition metal in the dendrimer structure plays a significant role in the biological
process 84-86 There is great interest in the discovery of novel antimicrobial agents that reduce the
virulence of drug-resistant microorganisms. Recently, attention has been drawn to organometallic
antimicrobial agents 86,87 with the hypothesis that the functionality provided by the presence of a
transition metal in the antimicrobial agent will bring a novel mechanism of action that avoids
resistance mechanisms in drug-resistant microorganisms.88-91 Three generations of an
organometallic dendrimer with a biologically active ability of melamine containing η6-arene-η5-
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cyclopentadienyliron (II) were designed by the Abd-El-Aziz et al.(Fig.1.13). The produced
dendrimers were decorated with different functional groups at the periphery, such as chloro-,
hydroxyl-, and piperazine moieties. All synthesized dendrimers showed notable microbial
activities against Gram-positive bacteria.92

Figure1.13. Synthesis of piperazine-terminated G3 dendrimer.
1.3.2.1 Nanocomposites based Organometallic Dendrimers
The nanocomposites scales are considered the materials of the 21st century because of their
unique design and combinations that are not found in classic composites. Nanocomposites are
defined as stable compounds with multiple phases, where at least one of these phases shows
dimensions of less than 100 nm.93 Nanocomposites are functional because when different materials
at the nanoscale are combined they often lead to markedly different mechanical, thermal, electrical,
16

electrochemical, and optical properties. This behavior arises from the new structure of the
combined components when compared to the initial forms of component materials. The definition
of nanocomposites is very broad and includes gels, colloids, copolymers, general porous media,
and other nanomaterials.94 In this thesis, the term nanocomposites will be generally applied to
composites in which a high surface area nanoscale filler is combined with a bulk host matrix.
As previously stated, a nanocomposite material tends to have different properties than the
materials from which it was prepared. In some cases, this leads to a new material capable of
fulfilling a purpose that other materials cannot or a new material that can outperform other
materials over a broader range of conditions. This ability to improve material and tune it for a
specific task is one of the main motivations for scientific research focused on nanocomposites.
There are many applications for nanocomposites over a wide range of areas, and there will be
many more as this emerging field continues to grow. A typical real-world example of an
application is provided by M.Salavati-Niassari et al., where the author reported how “ a small
amount of nanostructure can lead to great improvement in the fire-resistant properties” of
nanocomposites.

95

Also, the National Institute of Standards and Technology tested a nano-

dispersion of mica-type in polystyrene and found that the resulting nanocomposites: “exhibit the
unusual combination of reduced flammability, in the form of lower peak heat release rates, and
improved physical properties.” 96,97 Nanocomposites materials are also helpful for increasing the
strength of common materials; for example, the use of carbon nanotubes as a filler material to
strengthen ceramic or metal matrices, a practice which is now common.98
Nanocomposite based on dendrimers is a new class of advanced dendrimer composites that
often display enhanced physical properties such as strength, hardness, thermal stability.99 One
exciting way nanocomposites are being used is as high output anode and cathode materials in
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lithium-ion batteries. A recent study reported the production of a nanocomposite material capable
of delivering a reversible capacity of 209 mAhg-1, and with interest in green energy rising from
year to year, a lithium-ion battery with higher efficiency would be a valuable discovery.
Nanocomposites offer much promise in this growing field.100
We, therefore, believe it is a good research challenge to design new nanocomposites based on
organometallic dendrimers and two-dimensional layers of MoS2. These created intercalated
nanocomposites can be used in a wide range of applications; for instance, as catalyst for the
hydrodesulfurization process and as anode materials in lithium rechargeable batteries.

1.3.2.1.1

Molybdenum Disulfide (MoS2)

Molybdenum disulfide (MoS2) is a layered transition metal dichalcogenide (TMD) that has been
widely explored due to its unique electronic/optical properties and versatile chemistry, which
makes it a promising material in energy applications, including energy storage,

101

energy

conversion,102 and catalysis. 103 Also, MoS2 layers have long been considered as an alternative
cathode material for advanced lithium-ion batteries.104 MoS2 layers are composed of an atomic
layer of Molybdenum sandwiched between atomic layers of sulfide (S-Mo-S) by strong covalent
bonds;105 weak van der Waals forces bind the individual layers of MoS2 with an interlayer spacing
of 0.615 nm.105 Based on the coordination symmetry of Molybdenum atoms, MoS2 can exhibit
multiple stacking phases, with the two most common arrangments being the semiconductor 2HMoS2 phase (trigonal prismatic coordination) and the 1T-MoS2 metallic phase (octahedral
coordination).

106

The most widely used technique for phase transition of transition metal

dichalcogenides is lithium intercalation. Over the last two decades, different studies have been
carried out in an attempt to entrap different molecules in the layered structure of MoS2 to produce
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intercalated nanocomposites. In one study, Nylon-6, polyaniline, poly-(propylene glycol), poly(ethylene oxide), poly-vinyl pyrrolidinone), methylcellulose, polyethylene, and polyethyleneimine
were intercalated into MoS2 layers, and their conductivities were examined.107 In a later report, 108
poly-(propyl aniline), poly-(methyl aniline), and poly-(ethyl aniline) were used to design “novel
alkyl-substituted polyaniline/ molybdenum disulfide nanocomposites.” Multiple other studies
have emerged on the production of intercalated and exfoliated materials based on MoS2, and
interest in these materials is growing every year. The term intercalation comes from the ancient
Greek verb “intercalary” which was used to describe the insertion of a period of time into a
calendar year, similar to the leap year we are accustomed to. This meaning of insertion is still
preserved today; to intercalate a layered material literally means to insert something between the
layers. Exfoliation refers to the process of separating a layered material into individual layers
referred to as sheets.
Exfoliated MoS2 can be achieved by using several methods.109 The most common approach to
prepare exfoliated MoS2 is by Li+ ion intercalation using n-butyllithium. In this method, bulk MoS2
is mixed with an n-butyllithium/hexane solution to get Li+ ion intercalation. The resulting Lix MoS2
is then submerged in water, which leads to producing LiOH and H2 gas, with H2 gas evolution
from within the MoS2 layers causing exfoliation to take place. The MoS2 layers can be restacked
with the filler trapped inside, thereby producing an intercalated nanocomposite. This method was
used in this project to exfoliate MoS2 for the synthesis of intercalated MoS2-dendrimer
nanocomposites.
1.3.2.2 Magentic Materials based on Organometallic Dendrimer
Magnetic materials attract significant attention from researchers due to their physical properties
and application in technology and medicine.110 Magnetic materials are used as sorbents in
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separation procedures, as water purification agents,110 and as catalysts,111 all of which motivates
research aimed at the search of such systems. Transition metal phosphates (TMP) belong to an
interesting class of materials that display a wide scope of properties such as catalysis, magnetism,
and the lithium intercalation capacity for battery applications.112-114 These materials are
compounds between phosphorous and transition metals that combine metallic and ceramic
properties, are good conductors of heat and electricity, and show high thermal stability.115 As early
as the middle of the last century, the composition and magnetic properties of TMPs were reported.
In 1978, H. Fujii et al. have paid significant attention to the magnetic properties of TMPs
complexes and reported that only the hexagonal structure was ferromagnetic, whereas the
orthorhombic structure of Co2P was Pauli paramagnetic with almost no temperature sensitivity. 116
Later, S. Fujii et al. researched the magnetic properties of Co2P and Fe2P. They stated that the
orthorhombic structure of Co2P was more stable than the hexagonal structure.117 In addition, TMPs
have been known as a family of high-activity hydrotreatment catalysts. Specifically, cobalt
phosphides and iron phosphides have been extensively studied due to their high catalytic activity.
For instance, Schaak et al. did some work on the hydrogen evolution reaction performance of
Co2P, CoP, and FeP, which showed high activity towards the hydrogen evolution reaction in acidic
media.

118-120

Also, Burns et al. have investigated the catalytic effect of hydrodesulfurization

reaction with Co2P nanoparticles.121
Pyrolytic ceramization is a much explored approach to the design of magnetic materials.
Pyrolytic ceramization is usually used to develop magnetic materials through heating a precursor
in a non-oxidative atmosphere at a relatively high temperature but typically below 1500 ºC.122
Typical

precursors

used

include

polysilylcarbodiimides,

polysiloxanes,

polysilazanes,

polyborosilazanes, polycarbosilazanes, and polysilanes containing a ferromagnetic metal such as
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iron, cobalt, nickel, or a combination of these metals. It is desired that the structure, as well as the
number of magnetic species per unit volume of the precursor, be controlled to adjust the magnetic
properties. Indeed, several reports display the effect of structure on saturation magnetization. For
example, different studies have reported that magnetic materials developed from linear polymers
are characterized by low saturation magnetization (Ms), whereas those derived from
hyperbranched polymers show high saturation magnetization values.123,124 The high saturation
magnetization of magnetic materials obtained from hyperbranched polymers is due to the "cage
effect" of the three-dimensional structure of these polymers, which better maintain pyrolyzed
species, and develop the magnetic crystallites.125-127 Therefore, it is reasonable to assume that the
organometallic dendrimers are a promising class of precursors to generate magnetic materials.
Four unique characterizations of organometallic dendrimers provide a promising structure for the
synthesis of magnetic material precursors. First, the high molecular weight of organometallic
dendrimers can be achieved through the conventional iterative synthesis routes of organometallic
dendrimers. Second, the amorphous phase of the organometallic dendrimer leads to better
solubility compared to the crosslinked polymers or linear polymers. 128 Third, functional groups
can be inserted into the cores, branches, or ends, resulting in latent interaction sites for processing
and crosslinking.128 The presence of these functional groups in the organometallic dendrimers
structure allows dendrimers to be recruited with additional magnetic species. Last and most
significantly, it is the “shell effect” of organometallic dendrimers, especially at high-generations,
where overcrowding at the periphery provides a “dense shell” with “inner nano-spaces” that mimic
“cages.” 129 Despite all of these attractive features of dendrimers, they have not received attention
as precursors for magnetic materials. This gap and rising interest in magnetic materials provide the
impetus to examine [η6-arene-η5-CpFe]+-derived dendrimers as precursors for magnetic materials.
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1.3.2.3 Biological Activity of Organometallic Dendrimers
The functional groups on the dendrimer's outer shell can be modified or conjugated with
many attractive guest molecules. Early investigations focused on the synthesis of
dendrimers and their chemical and physical properties, and it is only in the last decade
scholars have begun to investigate the potential of dendrimers in biological applications. In
recent years, dendrimers have exhibited promise in areas ranging from gene delivery to
magnetic resonance imaging to the development of vaccines, antivirals, antibacterial, and
anticancer treatments.130,131 Delivering medication to cancer cells or cancerous blood
vessels is an exciting method in the fight against cancerous tissue.132 It can improve the
impact of the treatment with a decrease in, or prevention against, toxic side effects
associated with chemotherapy.132 Current drug particles often work poorly in these tasks
and require the use of therapeutic combinations in clinical practice. Among the wide range
of bioactive molecules that can be used for the drug delivery system, macromolecules have
high potential due to their outstanding physical properties.133 In application, these
macromolecules can be extruded into fibers for surgical dressings and sterile bandages or made
into medical devices and implants.133 In the last two decades, greater emphasis has been placed on
organometallic polymers to explore their potential antimicrobial activity.134 The antimalarial
property of ferroquine,135 a ferrocene-containing biological active molecule, has received great
interest in clinical trials. It is hypothesized that iron in ferrocene mediates redox action that causes
oxidative stress on microbes, contributing to the biological activity.88,136 Indeed, several findings
in this field indicate that this class of antimicrobials destroys cell membranes and kills microbial
cells by inducing oxidative stress, causing protein dysfunction.136-138 Organometallic
macromolecules may combine multiple fighting mechanisms, which pose a strong challenge to
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drug-resistant microbes in synergy. For instance, Metzler-Nolte et al. stated that the antimicrobial
organometallic complexes (1.21) or ruthenocene (1.22) (Fig. 1.14) act via multiple mechanisms.88
These complexes are active against MRSA — a drug-resistant microorganism that disables β lactam antibiotics through creating and secreting β -lactamase to hydrolyze the β -lactam ring in
the antimicrobial — and act by concurrently interfering with cell wall biosynthesis, affecting
cytoplasmic membranes, membrane depolarization potential, and inducing oxidative stress. 88 It is
logical to accept that the combined effects of these mechanisms contributed to the efficiency of
these organometallic complexes.
The presence of a cationic charge on organometallic macromolecules structures also provides
a mechanism of action for fighting to bypass the resistance pathway. For instance, Tang et al. take
advantage of the presence of cationic charges to bypass resistance in MRSA 139 and created a
strategy based on the formation of ion-pair bio-conjugates between cationic charges in a
cobaltocenium-containing metallopolymer and anionic charge in b-lactam antibiotics (1.23) (Fig.
1.15). 139 The resulting structure of the bio-conjugates protects the antimicrobial agent from blactamase hydrolysis. In addition, the positive charge on the macromolecules interacts with the
negatively charged cell membrane, disrupting the MRSA cell membrane, ultimately killing the
cell. 139 The presence of a positive charge and redox-active iron in the complex [η6-arene-η5-CpFe]+
makes it an outstanding candidate as an antimicrobial agent via multiple mechanisms process, and
it is more active than neutral ferrocene. While ferrocene is well applied in organometallic
medicinal research to create biologically active substances, [η6-arene-η5-CpFe]+ complexes
receive less attention for their biological activity.140, 141 Therefore, we consider it beneficial to
investigate the biological activity of these [η6-arene- η5-CpFe]+ derived dendrimers.
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Figure 1.14. Example of antimicrobial organometallic compound. 88

Figure 1.15. Illustrated mechanism of action of a cationic polymer. The polymer (left) exchanges
its counteranion for a β-lactam antibiotic, thereby protecting the antibiotic from hydrolysis. 139
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1.4 Research Goal and Objectives
This research aims to investigate organometallic dendrimers' potential in three significant
applications, including the synthesis of nanocomposites, magnetic ceramics, and antiinflammatory derivatives. This goal will be achieved via three objectives.
1.4.1. First objective: Synthesis of Nanocomposites based on Organometallic
Dendrimer and Molybdenum Disulfide (MoS2).
The first objective, addressed in Chapter Two, is the intercalation of organometallic dendrimer
that incorporates η6-dichlorobenzene-η5-cyclopentadienyliron (II) complex within its framework
into layered molybdenum disulfide (MoS2). The intercalated nanocomposite is characterized by
using powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM). Also, variable electronic conductivity measurements are investigated.
1.4.2

Second objective: Characterization for Magnetic Properties

The second objective in this research work, addressed in Chapter Three, is to evaluate the
magnetic properties of magnetic materials derived from the organometallic dendrimer. The
fabricated organometallic are characterized by NMR, IR, TGA, SEM, and XRD. Thereafter, these
novel magnetic materials are examined for their magnetic properties.
1.4.3

Third objective: Characterization for Biological activity.

The final objective in this research work, addressed in Chapter Four, is to design four generations
of dendrimers with aspirin units in their periphery and evaluate these molecules for antimicrobial,
anticancer, and anti-inflammatory activities. The produced complexes are characterized using
different spectroscopic techniques such as NMR, TGA, IR, SEM, and elemental analysis. These
novel compounds are investigated for their biological activity against particular human cancer
cells, and various types of bacteria and fungi are studied.
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Chapter Two: Nanocomposites based on Organometallic Dendrimer and Molybdenum
Disulfide (MoS2)*

Abstract:
This chapter focuses on developing new nanocomposites materials consisting of an
organometallic dendrimer and molybdenum disulfide (MoS2). The objective is to intercalate
organometallic dendrimer into layered MoS2, which is achieved by taking advantage of the
exfoliating/restacking abilities of LiMoS2. Based on the molecular weight of the organometallic
dendrimer, nine-mole ratios of MoS2 to dendrimer are studied in order to explore the upper and
lower limit of the organometallic dendrimer trapped into the restacked MoS2. The created
nanocomposites are then characterized by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and variable-temperature electrical
conductivity measurements are also studied. Our studies show that the ideal condition for creating
reproducible monophasic systems is at low concentration of organometallic dendrimer, no greater
than 1:0.125 and no lower than 1:0.002 mole ratio of MoS2 to organometallic the dendrimer.
Biphasic systems can be produced at a mole ratio higher than 1:0.125. The electronic conductivity
of the prepared nanocomposites drops as the concentration of dendrimer increases.

*This chapter is published as Bissessur R, Benaaisha M, Dahn DC, Abd-El-Aziz AS. J. Inorg.
Organomet. Polym. Mater. 2020;30(11):4771-4782.Copyright 2021, Springer Nature
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2.1 Introduction
Two-dimensional nanosheets materials such as transition metal dichalcogenides (TMDs) have
been explored in-depth due to unique properties associated with their ultrathin structures.142
Among TMD materials, molybdenum disulfide (MoS2) is one of the most attractive as it is
naturally available and has a structure similar to graphite, which can be separated into
monolayers.143 MoS2 is organized in two layers of sulfur atoms covalently bound to a layer Mo in
the center, creating a nanosheet structure. The two-dimensional sheets of MoS2 are held together
via weak van der Waals interaction.144 The weak van der Waals interaction between the MoS2
layers leads to a low friction coefficient and thus gives rise to its lubricating properties.145 MoS2
has found applications as photocatalysts, transistors, sensors, and conductive ﬁllers in polymer
composites.146-149 The synthesis and characterization of organic-inorganic nanocomposite
materials achieved via intercalation chemistry continue to be an important ﬁeld of research. Many
of the materials developed from organic-inorganic nanocomposites exhibit improvement in some
properties, such as mechanical strength, electronic conductivity, ionic conductivity, and thermal
stability.150-153
Since the 1970s, the intercalation of materials into layered TMDs has received a significant
amount of attention.154 A wide range of guest species, including organic molecules14 155 conducting
polymers,15 156 metal cations, 16 157 and inorganic clusters,17 158 have been successfully intercalated
into layered TMDs, such as MoS2. As previously stated, pristine MoS2 consists of two-dimensional
layers held together by weak van der Waals forces, which makes the cleavage of the bonds between
these layers quite easy. Thus, MoS2 can be converted into high aspect ratio reinforcement platelets
with nanometer-scale thickness through the process of exfoliation and intercalation. This process
usually involves the treatment of MoS2 with reducing agents such as n-butyllithium, with the
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insertion of the Li+ ions into the layered structure to form LiMoS2. By exploiting the exfoliation
and restacking properties of LiMoS2 in water, different guest species can be incorporated into
MoS2 to create intercalated nanocomposites.159 The intercalation of polymers into layered MoS2
has been extensively 108, 160-163 reported, but the intercalation of dendrimers into MoS2 layered has
received less attention.164
Unlike linear polymers, dendrimers are composed of a core molecule and hyperbranched that
regularly extend from the core to the terminal groups, and they have a specific molecular weight
and size.165,167 To date, dendrimers have been proposed as novel nanocarriers due to the internal
cavities inside their assembly, which support entrapping and conjugating of both hydrophobic and
hydrophilic biomolecules. Thus, dendrimers have gained considerable attention in several
scientific applications such as light-harvesting, catalysis, and drug delivery.168-171 Due to the
distinctive properties of dendrimers, our research group, has recently reported the intercalation of
a redox-active organometallic dendrimer into MoS2 based on the exfoliating/restacking technique
of LiMoS2.164 In this study, MoS2 was selected as the layered host system due to the fact that it is
naturally available and is being used extensively in a wide range of applications. For example, as
a catalyst for the hydrodesulfurization process.172 MoS2 has also been used as a superior anode
material in lithium rechargeable batteries.173 Several advantages can be obtained by intercalating
organometallic dendrimers into the layered structure of MoS2. One of these benefits is trapping
metallic species alongside the dendrimer, as the organometallic dendrimer possesses a transition
metal in its backbone, which therefore allows its introduction via intercalation into the MoS2 layers.
Also, since the internal cavities of dendrimers can trap and conjugate both hydrophobic and
hydrophilic biomolecules, they can act as nanocarriers for these entrapped species.
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Herein, Dendrimer with redox-active organoiron moieties in the dendritic branches was
synthesized under moderate conditions using the Steglich esterification procedure. The synthetic
technique used for the intercalation of the dendrimer first involved the reaction of MoS2 with nbutyllithium to produce LiMoS2. The LiMoS2 was then exfoliated in water and restacked in the
presence of a dimethylformamide solution of the organometallic dendrimer, which led to the
formation of an intercalation compound. Based on the molecular weight of the organometallic
dendrimer, nine different mole ratios of organometallic dendrimer to LiMoS2 were studied in order
to know the upper and lower limit of the dendrimer loading into the restacked layers of MoS2. The
intercalated nanocomposite was characterized by using powder X-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and variabletemperature electronic conductivity measurements.

2.2 Experimental
2.2.1

Materials and Instrumentation

Molybdenum(IV) sulfide powder (99%), pentane (99%) and (1.6 M) n-butyllithium in hexane,
1,4-dichlorobenzene, aluminum powder, aluminum chloride, ammonium hexafluorophosphate,
ferrocene, potassium carbonate, 4,4-Bis(4-hydroxyphenyl)valeric acid, dicyclohexylcarbodiimide
(DCC), 4-dimethylamino pyridine (DMAP) diethyl ether, and hydrochloric acid (HCl) were
purchased from Sigma-Aldrich and used as received. Acetone-d6, N, Nʹ-dimethylformamide
(DMF) were dried and stored over 3 Å molecular sieves before use. All solvents were dried and
stored over 3 Å molecular sieves before being used.
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2.2.2

Instrumentation

A Bruker Avance NMR spectrometer (1H, 300 MHz and 13C, 75 MHz) was used to characterize
the developed dendrimer in acetone-d6 with the chemical signals referenced to the solvent residual
signal in ppm. Powder X-ray diffraction (XRD) was performed using a Bruker AXS D8 Advance
instrument. The instrument was equipped with a graphite monochromator, variable divergence slit,
variable anti-scatter slit, and a scintillation detector. Cu (Kα) radiation (λ= 1.542Å) was used as
the source of X-ray radiation. The powdered samples were adhered to glass slides by using doublesided tape. The samples were run in the air from 2 – 60° (2θ). Scanning electron micrographs
(SEM) s were obtained on an LVEM5 benchtop instrument that operates at 5kV. Powdered
samples were cast onto stubs, dried under vacuum, and coated with gold/palladium before imaging.
Thermogravimetric analysis (TGA) was conducted in platinum pans in dry air up to 1000 °C
on a TA Instruments TGA Q500 at a heating rate of 10 °C/ min. Four-probe van der Pauw
technique on a home-built system was used to assess the electrical conductivity of prepared
nanocomposites. Samples were prepared as thin circular pressed pellets, 12.7 mm in diameter, with
a thickness between 0.5 and 1.0 mm. and wires were attached either with silver paste or colloidal
graphite conducting paste. Conductivity measurements were made with the samples in a vacuum,
over a temperature range from 50 to 300 K. A detailed account of the experimental procedure has
been previously published.174
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2.2.3

Synthesis of Chloro-terminated Organometallic Dendrimer
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Organometallic dendrimer was synthesized from the bimetallic organoiron complex and dipentaerythritol following the Steglich esterification procedure.33 A 25 mL round-bottom flask was
charged with bimetallic organoiron complex

135,220,221

(0.60 g, 0.580 mmol), di-pentaerythritol

(0.025 g, 0.098 mmol), and DMAP (0.280 g, 2.350 mmol) dissolved in 10 mL of DMF. First, the
reaction mixture was stirred at 0°C for 10 min, and then DCC (0.24 g, 1.15 mmol) was added for
15 minutes. The mixture was left to stir at room temperature for 48 hours after flushing with
nitrogen for 1/2 hour. Subsequently, the reaction mixture was cooled to -25 ᵒC in a freezer for two
hours and then filtered to remove dicyclohexylurea (DCU). The product was then poured into 100
mL of 10% hydrochloric acid (HCl), and NH4PF6 (0.47 g, 2.89 mmol) was added to generate a
precipitate. For the purification purpose, the produced dendrimer was dissolved in acetone,
cooled to −25C in a freezer for 2 hours, and filtered to remove the remaining DCU, and
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after solvent removal, the final product was the resulting yellow solid (molecular weight
6380.28 g/mol).Yield: (0.54 g, 87%), as shown in (Fig.2.1). 1H NMR (300 MHz, acetone-d6):
7.46 (24H, s, uncomplexed Ar-H), 7.32 (24H, s, uncomplexed Ar-H), 6.77 (24H, s, complexed ArH), 6.46 (24H, s, complexed Ar H), 5.34 (60H, s, Cp-H), 4.11 (12H, m, CH2). 3.60 (4H, m, CH2),
2.29 (12H, m, CH2), 2.12 (12H, m, CH2), 1.72 (18H, m, CH3). 13C NMR (75 MHz, acetone-d6):
173.34 (CO), 151.82, 147.57, 133.44, 104.42, 63.34, and 45.96 (quat-C), 130.28 and 120.91
(uncomplexed Ar-C), 87.49 and 76.88 (complexed Ar-C), 80.04 (Cp-C), 53.94, 45.60, 26.06, and
36.93 (CH2), 27.74 (CH3). ATR-FTIR: ν max/cm-1: 3095 (Ar-CH), 2929 (Cp-CH), 1651 (CO),
1244 (O-C-O). Elemental analysis for C244H214O25Fe12P12F72Cl12:calculated %C 45.02, and
%H 3.38, and found %C 46.10, and %H 3.98.

2.2.4

Fabrication of Nanocomposites-based Organometallic Dendrimer

2.2.4.1 Synthesis of LiMoS2
LiMoS2 was synthesized by reacting 4.02 g of MoS2 with 48 mL of n-butyllithium in 28 mL
of pentanes solution in a dry box. The mixture was left to stir at room temperature for 48 hours to
achieve lithium-ion intercalation. The product was then filtered off in the dry box using a manual
vacuum pump and washed with pentanes several times. The LiMoS2 product was stored in a glass
vial inside a dry box for four days before use.

2.2.4.2 Synthesis of Intercalated Nanocomposites
100 mg of LiMoS2 was added to a 500 mL Erlenmeyer flask and capped with a rubber septum
inside a dry box. After removing the reaction flask from the dry box, the septum was removed,
and 10 mL of deionized water was immediately added to the LiMoS2, which began the exfoliation
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process. The desired amount of the dendrimer dissolved in DMF was then added to the reaction
vessel to initiate intercalation. The intercalation reaction was performed at room temperature with
stirring for 2 hours to exfoliate the LiMoS2 thoroughly and ensure an intimate blend. After 2 hours
of mechanical stirring, the product was allowed to settle for 24 hours, and then the sample was
collected via vacuum filtration and dried under vacuum for 24 hours. All intercalation reactions
were carried out under the same conditions. The resulting powders were then collected in glass
vials. According to the molecular weight of the synthesized dendrimer, nine different mole ratios
were investigated (Table 2.1).
Table 2.1.The intercalation processes of different molar ratios of MoS2: Dendrimer.
Nanocomposites
NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

MoS2 weight,
g
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Dendrimer weight,
g
1.9
0.95
0.47
0.24
0.12
0.059
0.029
0.014
0.007

Molar ratio of
MoS2/dendrimer
1: 0.500
1: 0.250
1: 0.125
1: 0.062
1: 0.031
1: 0.015
1: 0.007
1: 0.004
1: 0.002

2.3 Results and Discussion
2.3.1

Synthesis of Organometallic Dendrimer

Organometallic dendrimer with redox-active organoiron moieties in its dendritic branches was
synthesized under moderate conditions through the Steglich esterification reaction between the dipentaerythritol core and bimetallic organoiron complex, as shown in Scheme 2.1. Without any
protection steps, the divergent synthetic route was applied to build the dendrimer (molecular
weight 6380.28 g/mol) in good yield (0.54 g, 87%).
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Scheme 2.1. Schematic illustration of the synthesis of organometallic dendrimer
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The successful synthesis of dendrimer was confirmed by 1H and 13C NMR, IR spectroscopy,
and elemental analysis. For instance, in the 1H NMR spectrum of the developed dendrimer, two
singlets at δ = 6.77 and 6.46 ppm, each peak referring to the 24 protons in the six complexed aryl
groups, were observed. The two proton peaks of the complexed aryl groups were due to the different
environments of their para-positions which contain either a chloro-end group or an etheric linkage.

The 60 protons for Cp appeared at δ = 5.34 ppm as a single peak, whereas the peaks around δ =
4.11 and 3.60 ppm represented CH2 in the core as multiple peaks. The disappearance of the
carboxylic acid protons in the 1H NMR of the organometallic dendrimer suggests successful
esterification between dipentaerythritol core and the carboxylic acid-containing bimetallic
organoiron complex (Fig 2.1). This peak usually resonates at δ = 12.00 ppm, and due to the
formation of the ester group, the peak has been omitted.
The successful synthesis of dendrimer was also confirmed by using 13C NMR spectroscopy.
For example, the carbonyl group appeared as one peak at δ = 173.34 ppm, and the quaternary
carbons referred to as end chloro group peak showed at δ = 104.05 ppm. Furthermore, the Cp
carbons were observed at 80.04 ppm, and the complexed CH aromatics resonated around δ = 78.49
and 76.88 ppm. These findings were confirmed the formation of this dendrimer.
The ATR-FTIR absorption spectra showed the presence of the different functional groups in all

dendrimers. The characteristic bands of ester and ether groups were found around 1651 and 1244
cm−1, respectively. The successful synthesis of the dendrimers was also confirmed by C, H, and N
analysis, as observed experimental percentages were consistent with calculated values. Produced
dendrimer appeared yellowish in color and was soluble in organic solvents.
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Figure 2.1.1H NMR spectra of organoiron dendrimer in acetone-d6

2.3.2

XRD Studies of Intercalated Nanocomposites

The intercalated nanocomposites were synthesized at room temperature through exfoliation of
LiMoS2 in water with the presence of a dimethylformamide solution of the dendrimer. A similar
procedure was used to prepare restacked MoS2 but in the absence of the dendrimer. Powdered Xray diffraction was used to characterize the produced intercalated nanocomposites, mainly to
confirm restacking and intercalation. The intercalation of the dendrimer into MoS2 was complete
for most of the mole ratios (NC3 -NC8), as no peaks corresponding to LiMoS2 or MoS2 can be
observed in the powder patterns (Fig. 2.2a). Previously, we have shown that the synthesis method
gives products without residual lithium because, during the intercalation procedure, the lithium is
converted to LiOH, which is washed away during the separation of the intercalated product.175
However, in the XRD pattern of NC9, a small peak corresponding to restacked MoS2was observed,
and this is most likely due to the fact that there were fewer dendrimer nanoparticles available to
saturate the MoS2 layers (Fig.2.2b). NC9 is a partially intercalated phase since diffractions peaks
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at 9°(2θ) and 18°(2θ) are also clearly visible. Hence, sample NC9 can be considered as the lower
limit ratio among the synthesized nanocomposites.
An interlayer expansion was observed for all intercalated materials. The average interlayer
expansion detected for the monolayer phase was 3.48 Å. The crystallite size of the intercalates, as
determined by the Scherrer formula, is smaller than that of bulk MoS2 (572 Å), which could be
due to imperfect restacking of the layers after the exfoliation process. 176 The crystallite size of
the nanocomposites depended on the ratio of the organometallic dendrimer to MoS 2. At low
dendrimer concentration, the average crystallite size of nanocomposite was large (365 Å), but
high dendrimer concentration resulted in a decrease in the size of the crystallite to 155 Å (Table
2.2), which is in agreement with the previous report.164 It is also evident that higher dendrimer
concentrations resulted in the formation of a biphasic system, as observed at the upper limit ratio
of dendrimer to MoS2 (NC1 and NC2). It has been previously established that dendrimers form
aggregates at high concentrations.81,177,178As restacking occurs, these agglomerates become
trapped between the MoS2 layers causing the formation of the observed biphasic system. Also, an
amorphous phase with low-intensity peaks was observed at the upper limit ratios of the dendrimer
to MoS2 (NC1 and NC2), which is attributed to the imperfect restacking of the MoS2 layers after
the exfoliation process, in addition to the adhesion of excess dendrimer molecules to the surface of
the MoS2 layers (Fig.2.2b).164,176 Proposed structural models of the intercalated materials are
depicted in Scheme 2.2
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Table 2.2.Summary of X-ray diffraction data
Intercalate

Bulk MoS2
NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

MoS2: Dendrimer

1: 0.500
1: 0.250
1: 0.125
1: 0.062
1: 0.031
1: 0.015
1: 0.007
1: 0.004
1: 0.002

Interlayer
spacing
Å
6.05
11.19
11.62 & 9.29
9.62
9.65
9.16
9.63
9.72
9.57
9.62

Interlayer
expansion
Å
5.14
5.57 & 3.24
3.57
3.6
3.11
3.58
3.67
3.52
3.57

Crystallite size
Å
572
365
244
238
223
210
191
187
168
155

Figure 2.2. XRD pattern of intercalation MoS2 with dendrimer show (a)complete intercalation of
mole ratio patterns from NC3 to NC8 and (b) upper and lower limits compared to restacked MoS2.
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Scheme 2.2: Schematic representation of the proposed structures of the intercalates.

2.3.3

Thermal Study of Intercalated Nanocomposite

The thermogram of the dendrimer shows two thermal degradation processes. An initial mass
loss of 23% between 200 and 330 °C, followed by a mass loss of 59% between 330 and 660 °C, is
observed in the thermogram (Fig. 2.3). The first weight loss was attributed to the cleavage of the
cyclopentadienyliron (II) moieties and thermolysis of the cyclopentadienyl rings. The 59% loss is
due to the thermal decomposition, oxidation, and volatilization of the remaining dendrimer
backbone. The remaining mass of 18% is attributed to iron oxides nanoparticles formed from the
iron present in the dendrimer structure.164
The TGA of bulk layered MoS2 in air shows two significant mass losses. The initial mass loss
of 12% was observed between 350 and 600 °C, which is attributed to the thermal decomposition
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of MoS2 to MoO3 and SO2 gas.164, 179 The remaining 88% was lost between 700 and 1000 °C due
to sublimation of the MoO3 (Fig. 2.3).164, 179
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Figure 2.3. Thermograms of Dendrimer and MoS2

The thermograms of the intercalated materials in the air (Fig.2.4) provide insight into the
loading of the dendrimer and the thermal stability of the materials. At a temperature below 700 ᵒC,
the thermal stability of prepared nanocomposites decreased as the amount of the dendrimer used
in the intercalation reaction was increased (Fig.2.4). The loading values of the dendrimer into the
layered structure of MoS2(Table 2.3) were calculated based on the previous reports.164 The
calculations rely on the assumption that the MoS2 was oxidized entirely to MoO3, which then
sublimed completely. Therefore, what remained after heating to 1000 °C were oxides of iron from
the metallic iron present in the dendrimer framework. These facts permit the calculation of a
reasonably close loading value for the produced nanocomposites.
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Figure 2.4. Thermogravimetric analysis of intercalated nanocomposites

The loading values of the dendrimer as calculated from the TGA data are shown in (Table 2.3).
For most intercalates, we observe that the loading values are different from the mole ratio of the
MoS2 to the dendrimer used in the actual reactions; this difference is due to the partial loss of the
dendrimer during the washing and filtration steps.179
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Table 2.3. The stoichiometry of intercalated materials from TGA Data
Intercalated
nanocomposites
NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

2.3.4

The mole ratio of MoS2 to the
dendrimer used in the reaction
1: 0.500
1: 0.250
1: 0.125
1: 0.062
1: 0.031
1: 0.015
1: 0.007
1: 0.004
1: 0.002

The mole ratio of MoS2 to
dendrimer obtained from TGA
data
1:0.300
1:0.120
1:0.086
1:0.034
1:0.014
1:0.009
1:0.004
1:0.004
1:0.003

Scanning Electron Microscopy (SEM)

The surface morphology of the produced nanocomposites was investigated using scanning
electron microscopy (SEM). The intercalated materials exhibit the similar appearance of randomly
oriented layers with clearly distinguishable edges, as exemplified in the SEM image of NC6
(Fig.2.5a). The SEM image of the pure dendrimer shows its rock-like surface morphology with
an extensive pore system (Fig. 2.5b), the absence of a rock-like surface in the SEM image of the
intercalated material indicates the absence of dendrimer on the periphery of the MoS2 layers,
which provides further evidence of intercalation. On the other hand, SEM micrographs of the upper
limit ratios (NC1 and NC2) exhibit to a certain extent separated layers of MoS2 on the rock-like
morphology of the dendrimer, thus providing evidence of MoS2 exfoliation, as well as the
agglomeration of the dendrimer, which correlates to the presence of the amorphous component in
the powder patterns of NC1 and NC2 (Fig.2.5c,d).
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Figure 2.5. Scanning electron micrograph of a) intercalated nanocomposite (NC6); b) pure
dendrimer; c, d) upper limit ratios (NC1 and NC2).

2.3.5

Electronic Conductivity Measurements

The electrical conductivity measurements were performed at room temperature as well as at
variable temperatures on the pressed pellets of the different intercalated nanocomposites to
investigate the effect of dendrimer on the electrical conductivity of intercalated nanocomposites.
Pressed pellets of nanocomposites NC2, NC3, NC4, NC5, and NC9, as well as on pristine MoS2
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and restacked MoS2 to investigate the effect of dendrimer on the electrical conductivity. The
conductivity of samples with the largest amount of dendrimer (NC2 and NC3) was too small to
measure with our system (less than about 10-5 S/cm). One possible explanation is the amorphous
phase that was observed in samples with high dendrimer content (Scheme2.2). If the amorphous
phase is non-conducting, the amorphous regions will block current flow through the samples. The
room-temperature measurements were given in (Fig. 2.6) as a function of the mole fraction of
dendrimer in the nanocomposites as determined from TGA (Table 2.3). Restacked MoS2 has a
much higher conductivity than pristine MoS2, which is logical as pristine MoS2 is in the
semiconducting 2H structure. Lithiation to form LiMoS2 is known to convert the MoS2 layers to
the conducting 1T phase, which remains metastable after exfoliation.180 The presence of 1 T-MoS2
has been shown to lead to high conductivity in other related nanocomposites.151,181 As shown in
(Fig.2.7), the addition of dendrimers leads to a progressive reduction in conductivity.

Figure 2.6. Room-temperature conductivity as a function of the mole ratio of dendrimer to MoS2.

44

Variable-temperature conductivity results are shown in (Fig.2.7) and show the same trend, where
conductivity decreases as the amount of dendrimer increases. The conductivity of pristine MoS2
drops very rapidly as the temperature is lowered, as expected for a semiconductor. The
conductivity of restacked MoS2 and nanocomposites also decreases at lower temperatures but less
rapidly. Only two samples (restacked MoS2 and NC5) could be measured over the full temperature
range from about 50 to 300 K. (Only a small amount of NC9 material was produced, and the pellet
cracked as it was cooled below 270 K. The resistance of NC4 and pristine MoS2 pellets became too
large to measure below 240 K.) We attempted to fit the temperature dependence of restacked MoS2 and
NC5 to an equation that describes the thermally-activated conductivity of a typical semiconductor:

 (T ) =  0e− E / kT

(1)

Where σ0 is a constant and E is activation energy related to the semiconductor bandgap. However,
this equation does not fit the data.
It is interesting to note that the restacked MoS2 and nanocomposite curves in Figure 2.7 are
roughly parallel in the semi-log plot, indicating a very similar temperature dependence. We believe
this indicates that in the nanocomposites, electrical current flows primarily through the 1T-MoS2
component and that the principal effect of adding dendrimer is simply to reduce the fraction of the
nanocomposite that is conducting. Recall the disordered, granular nature of the material (Fig.
2.6a). We expect metallic conductivity along the 1T-MoS2 lamella within each grain, but due to
the disordered nature of the material, there will be barriers to electron flow between lamella and/or
between grains. This suggests fitting the data to the variable-range hopping (Mott law) equation
for conduction in a disordered material:
1

σ(T) =

T d+1
σ0 exp [− ( T0 ) ]
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(2)

Where d is the dimensionality of the conduction, and T0 and σ0 are parameters that are nearly
independent of temperature.181

Figure 2.7. Variable-temperature electrical conductivity measurements of novel nanocomposites
compared to restacked MoS2 and pristine MoS2 Also shown are fits to a three-dimensional
variable-range hopping model.

Both restacked MoS2 and NC5 conductivities could be fit to equation 2 with d = 3. These fits
are shown in (Fig. 2.7). Equation 2 with d = 2 fits the data almost as well, however, so we conclude
that the data are consistent with VRH conduction, but the dimensionality is not precisely
determined.
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Chapter Three: Development of Ferromagnetic Materials Containing Co2P, Fe2P Phases
from Organometallic Dendrimers Precursors*

Abstract
In this study, Fe-containing homometallic dendrimers and Fe/Co-containing heterometallic
dendrimers were used to synthesize magnetic materials containing multimetallic phosphide
phases. The crystalline nature of the nearly aggregated particles was indicated for both designed
magnetic samples. In contrast to heterometallic samples, homometallic samples showed dendritic
effects on their magnetic properties. Specifically, saturation magnetization (Ms) and coercivity (Hc)
decrease as dendritic generation increases. Incorporating cobalt into the homometallic dendrimers
to prepare the heterometallic dendrimers markedly increases the magnetic properties of the
magnetic materials from 60 - 75 emu/g. Ferromagnetism in homometallic and heterometallic
particles show different responses to temperature changes. For example, heterometallic samples
were less sensitive to temperature changes due to the presence of Co2P in contrast to the
homometallic ones, which show an abrupt change in their slopes at a temperature close to 209 K
which appears to be related to the Fe2P ratios. This study presents dendrimers as a new type of
precursor for the assembly of magnetic materials containing a mixture of iron- and cobaltphosphides phases with tunable magnetism and provides an opportunity to understand magnetism
in such materials.

*This chapter is published as Abd-El-Aziz AS, Benaaisha MR, Abdelbaky MSM, MartinezBlanco D, García-Granda S, Abdelghani AA, Abdel-Rahman LH, Bissessur R. Molecules.
2021;26(21):6732. Permits unrestricted use, MDPI.

47

3.1 Introduction
Recently magnetic materials have attracted significant research interest, as they often show
novel and improved properties over their bulk counterparts.182-184 It is of scientific and practical
significance in many fields ranging from advanced technology to biomedical applications.185-189
Indeed, the synthesis of novel magnetic materials remains an inspiring aim for numerous research
groups.190 Among the several magnetic materials utilized in science, technology, and industry are
transition metal phosphide (TMP), such as Fe2P, FeP, Co2P, CoP, Ni3P, Ni2P.191-193 These materials
are compounds between transition metals and phosphorous that combine physical properties, such
as the electronic and magnetic properties similar to metals, with the hardness and strength of
ceramics.194 Currently, the synthesis of magnetic TMP compounds has become a promising
method to explore magnetic properties due to the development of unusual magnetic fields.195 In
addition to their magnetic properties, the development of TMP compounds remains an attractive
goal for researchers due to their high catalytic activity, such as a photocatalytic cocatalyst for
hydrogen evolution reactions (HER), and hydrodenitrogenation (HDN) and hydrodesulfurization
(HDS).196-198 Depending on the composition of the TMPs, two main classes have been recognized,
phosphorus-rich and metal-rich phosphides.199 However, metal-rich phosphides are the most
exciting compositions between the two classes, as they possess metallic and ceramic properties
and exhibit high chemical and thermal stability.200 The traditional strategy for producing metal
phosphide is through the reaction between highly toxic phosphenes, PH3 or PCl5, and metals or
metal salts.201 For a less toxic procedure, P(SiMe3)3 is used as the P3- ion source, which reacts with
metal ions or metal carbonyl complexes at high temperatures.202, 203 Organometallic approaches
have been extensively also used to develop transition metal phosphides.204-206 Most of these
researchers focused on synthesizing single TMPs hybrid materials 207-211 or preparing a series of
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TMPs with the same metals.212 All of these factors prompted us to explore the possibility of
preparing ferromagnetic materials combining iron- and cobalt-phosphides through pyrolysis of
hyperbranched macromolecules. This strategy is the most explored approach for synthesizing
magnetic ceramic materials, which involves the high-temperature conversion of organometallic
macromolecular precursors into magnetic materials.213, 214
Dendrimers are highly branched, monodisperse macromolecules with well-defined symmetric
and globular structures.215, 216 Although much attention has been directed to dendritic structures in
optics and biology; they have not been well explored in materials science.217,218 In this regard, to
increase the potential of dendrimers in this field, our group was interested in exploring
organometallic dendrimers as a new class of precursors to design magnetic materials. The
motivation for developing organometallic dendrimers is based on the idea that the metalcontaining dendrimers may exhibit properties that are challenging to achieve or entirely
inaccessible by using their pure organic relatives.219 Here, we hypothesize that the presence of
iron affects the magnetic properties of complexes derived from the organometallic dendrimer.
Moreover, the presence of iron stimulates dendrimers towards nucleophilic aromatic substitution
reactions at the periphery,50 allowing peripheral functionalization of the dendrimers with magnetic
species, further extending their potential for applications. Therefore, we consider these
multifunctional organometallic dendrimers as a beneficial platform to establish their ability as
precursors for ferromagnetic materials containing multimetallic phosphide phases. In this work,
we exploited the sensitivity of organoiron dendrimers (G1-D2 to G5-D9) toward nucleophilic
substitution reactions to synthesize iron- and cobalt-containing heterometallic dendrimers within
dendritic branches. To understand the magnetic property of designed magnetic materials, five
generations of homometallic and four generations of heterometallic dendrimers were synthesized,
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which, upon pyrolysis at 900 °C under N2 stream, produced magnetic samples containing a mixture
of iron- and cobalt-phosphide phases in a good yield. At a fundamental level, this study presents
a new method to develop ferromagnetic materials containing mixture phases of TMPs from
organometallic dendrimers, allowing further exploration of the potential of macromolecules in the
synthesis of magnetic materials, which may ultimately improve the design of precursors for
magnetic materials containing multimetallic phosphide phases.

3.2 Experimental
3.2.1

Materials and Instrumentation

All used chemicals and reagents were obtained from Sigma-Aldrich and used as received. All
solvents were dried and stored over 3 Å molecular sieves before use. The synthesis of the
organoiron complex 1 and dendrimer G1-D1 were obtained by following previously reported
procedures.135,220,221 Morphological characterizations, XRD diffraction, and magnetic properties
measurements were completed at the University of Oviedo-CINN, Spain.

3.2.2

Instrumentation

All NMR spectra of produced dendrimers were achieved utilizing a Bruker Avance NMR
Spectrometer (1H, 300 MHz and

13

C, 75 MHz). All spectra were obtained with a DMSO-d6

solution of the produced complexes with the chemical signals referenced to the solvent residual
signal in ppm. Elemental carbon and hydrogen analyses for prepared dendrimers were performed
on CE-440 Elemental Analyser, Exeter Analytical. Attenuated total reflection Fourier-transform
IR (ATR-FTIR) spectroscopic measurements were recorded on a Bruker Alpha FTIR spectrometer
Alpha-P utilizing KBr pellet technique in the wavenumber range between 4000 to 400 cm-1.
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Thermogravimetric analysis (TGA) was conducted in platinum pans under nitrogen at a heating
rate of 10C on a TA Instruments TGA Q500.
3.2.3

Morphological Characterization

SEM micrographs and X-ray microanalysis (SEM/EDX) were achieved using a JEOL-6610LV
scanning electron microscope operating at 30 kV coupled with an Oxford X-Max microanalysis
system (EDX). TEM and BF-STEM images, SAED patterns, and BF-STEM/EDX were achieved
on a JEOL JEM-2100F field emission transmission electron microscope, at 200 kV, equipped with
a STEM unit and an Oxford X-Max microanalysis system (EDX).
3.2.4

X-ray Diffraction

The x-ray diffraction (XRD) patterns for produced magnetic complexes were measured on a
Seifert XRD 3000 TT diffractometer operating in Bragg-Brentano geometry. Measurements were
done utilizing MoKα radiation (0.7107 A), where the primary incident, secondary anti-scatter slits
of 2 mm, and a primary mask were utilized to illuminate the powder samples compacted in a 30
mm square plastic holder. Vertical Soller slits were also utilized after the incident and anti-scatter
slits to determine the axial difference. A secondary high-orientated pyrolytic graphite (HOPG)
monochromator and 0.2 mm receiving slit were placed before the scintillation detector. X-ray
difraction patterns were obtained between 7º and 38º 2θ range in step mode, recording diffracted
intensity every 0.02º with 20s counting time for each point.
3.2.5

Magnetometry

Room temperature (RT) magnetization curves M(H), were evaluated in an EV9 Microsense
Vibrating Sample Magnetometer (VSM) within an employed magnetic field range of ±20 kOe.
Besides that, VSM is equipped with an EV1-LNA temperature control option, which allows us to
determine the magnetization temperature dependence, M(T) curve, under 1 kOe applied magnetic
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field in a 10K/min heating rate from 100 to 300K. In order to accomplish both measurements,
approximately100 mg of each complex was encapsulated into a 70 mm3 acrylic cup which is firmly
stuck to an 8 mm Pyrex transverse rod by means double side Scotch® and PTFE tapes.

3.3 Synthesis and Characterization
3.3.1

General Procedure for The Synthesis of Organometallic Dendrimers from G1D2 to G5-D9

Five generations of dendrimers were produced in a good yield (73-87%). Incorporation of the
triple bond throughout dendritic branches was succeeded by reacting the hydroxyl group in the
compound a with the carboxyl group in complex 1 in the presence of DMAP and DCC to produce
complex 2, which is dependent on nucleophilic aromatic substitution reaction with G1-D1 in the
presence of the weak base, K2CO3 formed G2-D3. Nucleophilic aromatic substitution reaction and
an esterification reaction were used in the synthesis of the five generations of homometallic
dendrimers. For example, the homometallic dendrimers G1-D2, G2-D4, G3-D6, and G4-D8 were
synthesized through nucleophilic substitution reaction of G1-D1, G2-D3, G3-D5, G4-D7 with 5(4-hydroxyphenyl)-pentanoic acid using a molar ratio of 1:6, 1:12, 1:24, and 1:48. The reaction
mixtures were stirred in DMF with the presence of K2CO3 at 55ᵒC for 24h after flushing with
nitrogen for 30 minutes. The reaction mixtures were then poured into a 10% HCl solution with
adding NH4PF6 to obtain the final products.
The Steglich esterification procedure was applied to assemble dendrimers G2-D3, G3-D5, G4D7, and G5-D9 via interaction of dendrimers G1-D2, G2-D4, G3-D6, G4-D8 with complex 2
using appropriate molar ratios. First, the reaction mixtures were stirred at 0oC for 10 minutes.
Then, the mixtures were stirred at room temperature under nitrogen for 15 minutes before it was
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left to stir for another 2 days at room temperature. Purification process was achieved by keeping
the mixture at −25C for a few hours, then filtered to remove the residual DHU, and the removal
of the solvent gave rise to the products.

3.3.2

Synthesis of Complex 2

Steglich esterification was utilized to react the carboxyl group in complex 1 with the
hydroxyl group in the 2-butyne-1.4-diol to produce complex 2.33 In 25 mL round-bottom
flask was added complex1(0.50 g, 0.46 mmol), 2-butyne-1.4-diol (0.04 g, 0.46mmol),
DMAP (0.12 g, 0.95 mmol), and 10 mL of DMF as solvent. The reaction solution stirred
for 10 minutes at 0C before DCC (0.09 g, 0.46 mmol) was added over 15 minutes. After
that, the reaction mixture was left to stir under nitrogen at room temperature for 48 hours.
The mixture was cooled to -25 ᵒC in a freezer for 2 hours before being filtered to remove
dicyclohexylurea (DCU) and poured into 100 mL of 10% HCl solution. For the purification
purpose, the produced dendrimer was dissolved in acetone, cooled to −25C in a freezer for
2 hours, and filtered to remove the remaining DCU, and after solvent removal, the final
product was the resulting yellow solid (molecular weight 1107.28 g/mol). Yield: (0.41 g,
93%). 1HNMR data H (300 MHz; DMSO-d6): 7.40 (4H, d, J = 7.8 Hz, uncomplexed Ar-
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H), 7.29 (4H, d, J= 8.1 Hz, uncomplexed Ar-H), 6.83 (4H, d, J = 6.3 Hz, complexed ArH), 6.42 (4H, s, complexed Ar-H), 5.29 (10H, s, Cp-H), 5.31 (H, s, OH), 4.72 (2H, s, CH2),
4.11 (2H, s, CH2), 2.43 (2H, s, CH2), 2.23 (2H, s, CH2), 1.68 (3H, s, CH3). 13C NMR c (75
MHz; DMSO-d6): 173.02 (CO), 154.35, 152.43, 147.28, 146.97, 132.86, and 104 (quat-C),
130.21 and 121.04 (uncomplexed Ar-C), 87.68 and 77.29 (complexed Ar-C), 80.22 (CpC), 52.92 and 49.76 (CC), 50.28, 33.84, and 31.28 (CH2), 27.89 (CH3). ATR-FTIR;

max/cm-1: 3339 (OH), 2939 (Ar-C), 1726 (CO), 1229 (C-O-C). Elemental analysis for
C43H38O5Cl2Fe2P2F6: calculated %C 46.64, %H 3.46, and found %C 47.01, and %H: 3.43.

3.3.3

Synthesis of Carboxylic-terminated G1-Homometallic Dendrimer (G1-D2)
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Nucleophilic substitution reaction was used to create first generation of the dendrimer
G1-D2. In 25 mL round-bottom flask was added G1-D1 (0.25 g, 0.08 mmol), compound a
(0.09g, 0.5 mmol), K2CO3 (0.32 g, 2.30 mmol), and 10 mL of DMF as solvent. This reaction
was left stirring at 55 ᵒC for 24 hours after flushing with nitrogen for 30 minutes. Then the
reaction was poured into 200 mL of 10% HCl, and NH4PF6 (0.33 g, 2 mmol) was added to
precipitate produced dendrimer. The produced dendrimer, a yellowish solid, was collected
by suction filtration and dried under vacuum at room temperature. (Molecular weight
4136.27 g/mol). Yield: (0.26g, 82%). 1H NMR (300 MHz; DMSO-d6): 12.06 (6H, s, COOH),
7.38 (27H, d, J = 8.4,Hz, uncomplexed Ar-H), 7.24 (24H, d, J= 8.4Hz, uncomplexed Ar-H), 6.23
(24H, s, complexed Ar-H), 5.21 (30H, s, Cp-H), 2.64 (18H, s, CH2), 2.39(12H, s, CH2), 2.26 (6H,
s, CH2), 2.10(24H, s, CH2),1.61 (9H, m, CH3). 13C NMR c (75 MHz; DMSO-d6,): 175.48 (CO),
159.80, 152.12, 146.89, 141.36, 139.51, and 131.29 (quat-C), 131.30, 130.57, 130.05, 128.79,
122.27, 121.30, 119.77, and 115.85 (uncomplexed Ar-C), 78.70 (Cp-C), 76.97 and 75.45
(complexed Ar-C), 45.92, 34.34, 33.57, and 31.64 (CH2), 27.92 (CH3). ATR-FTIR; max/cm-1:
3312 (COOH), 2935 (Ar-CH), 2876 (Cp-CH), 1745 (CO), 1218 (C-O-C). Elemental analysis for
C189H180O30Fe6P6F36: calculated %C 54.83, %H 4.35, and found %C 55.10, and %H 4.63.
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3.3.4

Synthesis of Chloro-terminated G2-Homometallic Dendrimer (G2-D3)

G1-D2 was utilized with complex 2 to produce dendrimer G2-D3, following the Steglich
esterification procedure analogous to the synthesis of complex 2. In a 25 mL round-bottom
flask (0.40 g, 0.36 mmol) of complex 2, (0.25 g, 0.06 mmol) of dendrimer D2, (0.17 g, 1.39
mmol) of DMAP were mixed together in 10 mL of DMF as solvent, while DCC (0.14 g,
0.72 mmol) was added over a 15 minute. This reaction was stirred at room temperature for
72 hours after flushing with nitrogen for 1/2 hour. Subsequently, the mixture was cooled to
−25C in a freezer for 2 hours, then filtered to eliminate dicyclohexylurea (DCU) and then poured
into 300 mL of 10% HCl solution with adding NH4PF6 (0.27 g, 1.67 mmol) to precipitate the
product. For further removal of dicyclohexylurea (DCU), the crude product was dissolved in
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acetone and then cooled to −25C for a second time in a freezer for 2 hours before being filtered
to remove more dicyclohexylurea (DCU). The product was poured again into 200 mL of 10% HCl
solution, and NH4PF6 (0.33 g, 2 mmol) was added for the total precipitation (Molecular weight
10671.85 g/mol). Yield: (0.55 g, 85%). 1H NMR (300 MHz; DMSO-d6): 1H NMR (300
MHz; DMSO-d6): 7.36 (51H, s, uncomplexed Ar-H), 7.28 (48H, d, J = 8.4 Hz, uncomplexed ArH), 6.81 (24H, d, J = 6 Hz, complexed Ar-H), 6.41 (24H, s, complexed Ar-H), 6.23 ( 24H, s,
complexed Ar-H), 5.28 (60H, s, Cp-H), 5.21 (30H, s, Cp-H), 4.76 (24H, s, CH2), 2.43 (42H, s,
CH2), 2.23(18H, s, CH2), 2.16 (24 H, s, CH2), 1.68 (27H, s, CH3). 13C NMR c (75 MHz; DMSOd6,): 172.71, and 170.25 (CO), 157.50, 154.27, 152.12, 147.51, 132.79, and 104.31 (quat-C),
134.18, 133.03, 131.26, 130.74, 130.14, 129.59, 122.26, 121.27, 121.01, 120.78, and 119.24
(uncomplexed Ar-C), 80.21, 78.69 (Cp-C), 87.67, 77.27, 76.01, and 75.45 (complexed Ar-C),
52.72 and 49.82 (CCC, 46.01, 38.17, 36.73, 34.32, 33.69, and 31.57 (CH2), 27.83 (CH3). ATRFTIR; max/cm-1: 2938 (Ar-CH), 2825 (Cp-CH), 1725 (CO), 1221 (C-O-C). Elemental analysis for
C447H396O54Cl12Fe18P18F108: calculated %C 50.26, %H 3.71, and found %C 50.87, and %H 4.16.

57

3.3.5

Synthesis of Carboxylic Acid-terminated G2-Homometallic Dendrimer (G2-D4)

Dendrimer G2-D4 was synthesized from G2-D3 and compound a following nucleophilic
substitution reaction. In a 25 mL round-bottom flask (0.23 g, 0.02 mmol) of G2-D3, (0.05g,
0.25 mmol) of compound a, (0.18 g, 1.28 mmol) K2CO3 were mixed in 10 mL of DMF as
solvent. This reaction was left stirring at 55 ᵒC for 24 hours after flushing with nitrogen for
1/2 hour. After that, mixture was poured into 300 mL of 10% HCl, and NH 4PF6 (0.33 g, 2
mmol) was added to precipitate produced dendrimer. The prepared dendrimer, a yellowish
solid, was collected by suction filtration and dried under vacuum at room temperature.
(Molecular weight 12565.05 g/mol). Yield: (0.21g, 73%). 1H NMR data H (300 MHz;
DMSO-d6): 12.04 (12H, s, COOH), 7.35 (75H, s, uncomplexed Ar-H), 7.24 (72H, s, uncomplexed
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Ar-H), 6.24 (72H, s, complexed Ar-H), 5.21 (90H, s, Cp-H), 4.76 (24H, s, CH2), 2.36 (90H, s,
CH2), 2.25 (18H, s, CH2), 2.10 (72H, s, CH2), 1.65 (27, s, CH3). 13C NMR c (75 MHz; DMSOd6,): 175.48, 173.33, and 170.25 (CO), 157.65, 154.27, 152.02, 146.54, 143.44, 141.10, and
132.02 (quat-C), 131.46, 131.28, 130.57, 130.02, 129.42, 122.30, 121.28, 120.75, 119.05, 118,37,
115.84 and 107.25 (uncomplexed Ar-C), 78.68 (Cp-C), 76.01 and 75.45 (complexed Ar-C), 52.72
and 49.79( C≡C), 50.26, 48.36, 36.38, 33.47, and 31.83 (CH2), 28.01 (CH3). ATR-FTIR; max/cm1

: 3316 (COOH), 2928 (Ar-CH), 2856 (Cp-CH), 1724 (CO), 1219 (C-O-C). Elemental analysis for

C579H552O90Fe18P18F108: calculated %C 55.29, %H 4.39, and found %C 55.58, and %H 4.54.
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3.3.6

Synthesis of Chloro-terminated G3-Homometallic Dendrimer (G3-D5)

G2-D4 was used with complex 2 to synthesize G3-D5, following the Steglich esterification
procedure. In a 25 mL round-bottom flask (0.26 g, 0.24 mmol) of complex 2, (0.25 g, 0.02
mmol) of G2-D4, (0.12 g, 0.95 mmol) of DMAP were mixed together in 10 mL of DMF
as solvent. Then DCC (0.09 g, 0.47 mmol) was added over 15 minutes. The solution was left
stirring at 25ᵒC for 72 hours after flushing with nitrogen for 1/2 hour. Purification was performed
by maintaining the mixture at −25C in a freezer for 2-4 hours and then filtering to remove
precipitated dicyclohexylurea (DCU) before pouring it into 200 mL of 10% HCl solution. The
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remaining (DCU) was eliminated by dissolving the residue dendrimer in acetone, cooling to -25oC
in a freezer for two hours, filtering to remove DCU, and pouring into 200 mL of 10% HCl solution,
into which NH4PF6 (0.33 g, 2 mmol) was added to precipitate the product. The product resulted
in a yellow solid (Molecular weight 25602.18 g/mol). Yield: (0.45 g, 87%). 1H NMR (300
MHz; DMSO-d6): 7.35 (123H, d, J = 6.6 Hz, uncomplexed Ar-H), 7.23 (120H, t, J = 8.7Hz, 7.5
Hz, uncomplexed Ar-H), 6.80 (48H, d, J = 6.6 Hz, complexed Ar-H), 6.43 (48H, d, J = 4.8Hz,
complexed Ar-H), 6.23 (72, s, complexed Ar-H), 5.28 (120H, s, Cp-H), 5.21 (90H, s, Cp-H), 4.77
(72H, s, CH2), 2.41 (78H, s, CH2), 2.26 (42H, s, CH2), 2.18 (72H, s, CH2),1.68 (36H, s, CH3), 1.63
(63H, s, CH3).

13

C NMR c (75 MHz; DMSO-d6,): 173.02, and 170.25 (CO), 154.27, 152.12,

144.08, 132.39, 111.86, and 104.31 (quat-C), 134.18, 133.03, 131.26, 130.55, 130.1, 121.01,
119.04, and 109.97 (uncomplexed Ar-C), 80.21, 78.68 (Cp-C), 87.66, 77.25, and 75.97
(complexed Ar-C), 51.85, and 49.34 (CC), 34.42, 32,88, 30.73 and 28.01 (CH2), 27.80 (CH3).
ATR-FTIR; max/cm-1: 2928 (Ar-CH), 2853 (Cp-CH), 1730 (CO), 1225 (C-O-C). Elemental
analysis for C1095H984O138Cl24Fe42P42F252: calculated %C 51.32, %H 3.84, and found %C 51.78,
and %H 4.10.
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3.3.7

Synthesis of Carboxylic acid-terminated G3-Homometallic Dendrimer (G3-D6)

G3-D6 was synthesized from G3-D5 (0.25 g, 0.009mmol), compound a (0.04g, 0.23 mmol),
K2CO3 (0.16 g, 1.16 mmol), in 10 mL of DMF through nucleophilic substitution reaction. The
mixture was left stirring at 55 ᵒC for 24 hours after flushing with nitrogen for 30 minutes. Later,
the reaction was poured into 200 mL of 10% HCl, and NH4PF6 (0.33 g, 2 mmol) was added
for complete precipitation. The yellow product was then collected by suction filtration and
dried under vacuum at room temperature (Molecular weight 29422.59 g/mol). Yield:
(0.24g, 85%). 1H NMR (300 MHz; DMSO-d6): 12.04 (24H, s, COOH), 7.38 (171H, d, J =
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8.4Hz uncomplexed Ar-H), 7.24 (168H, d, J = 8.1Hz uncomplexed Ar-H), 6.23 (168H, s,
complexed Ar-H), 5.21 (210H, s, Cp-H), 4.76 (72H, s, CH2), 2.61 (210H, s, CH2), 2.35 (42H, s,
CH2), 2.24 (168H, s, CH2),1.71 (63H, m, CH3). 13C NMR c (75 MHz; DMSO-d6,): 175.78, 173.32,
and 170.25 (CO), 157.65, 152.43, 146.89, 141.05, and 131.70 (quat-C), 131.28, 130.71, 130.58,
130.04, 128.80, 122.31, 121.28,120.76, and 115.83 (uncomplexed Ar-C), 78.68, and 77.86 (CpC), 76.36, 76.03, 75.45, and 73.57 (complexed Ar-C), 52.39, and 48.47 (C≡C), 45.82, 37.24, 36.74,
35.03, 33,11, and 31.03 (CH2), 27.94 (CH3). ATR-FTIR; max/cm-1: 3305 (COOH), 2928 (Ar-CH),
2861 (Cp-CH), 1732 (CO), 1224 (C-O-C). Elemental analysis for C1359H1296O210Fe42P42F252:
calculated %C 55.42, %H 4.40, and found %C 56.12, and %H 4.64.
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3.3.8

Synthesis of Chloro-terminated G4-Homometallic Dendrimer (G4-D7)

In a process similar to synthesis of G2-D3, G4-D7 was synthesized from G3-D6 (0.25 g, 0.008
mmol), complex 2 (0.22 g, 0.20 mmol), DMAP (0.089 g, 0.81mmol), and DCC (0.08 g, 0.40
mmol), in 10 mL of DMF. The produced yellow solid (Molecular weight 55564.91 g/mol) was
collected by suction filtration and left to dry under vacuum for two days. Yield: (0.45 g, 87%). 1H
NMR data (300 MHz; DMSO-d6): 7.35 (267H, s, uncomplexed Ar-H), 7.29 (264H, t, J = 8.4 Hz,
7.8Hz uncomplexed Ar-H), 6.82 (96H, d, J = 6.3 Hz, complexed Ar-H), 6.44 (96H, m, complexed
Ar-H), 6.23 (168H, s, complexed Ar-H), 5.28 (240H, s, Cp-H), 5.21 (210H, s, Cp-H), 4.77 (168H,
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s, CH2), 2.59 (258H, s, CH2), 2.41 (90H, s, CH2), 2.18 (168H, s, CH2),1.68 (135H, m, CH3). 13C
NMR c (75 MHz; DMSO-d6,): 175.32, 172.71, and 170.47 (CO), 164.80, 157.35, 154.58, 152.19,
147.34, 141.16, 132.89, 131.64, and 104.31 (quat-C), 131.28, 130.56, 130.13, 122.30, 121.29,
121.0, and 120.77 (uncomplexed Ar-C), 80.22 and 79.51 (Cp-C), 87.67, 77.93, 77.26, 75.99,
75.44, and 73.68 (complexed Ar-C), 52.77, and 48.36 (C≡C), 45.18, 38.08, 37.11, 35.60, 33.34,
32.77 and 31.24 (CH2), 27.80 (CH3). ATR-FTIR; max/cm-1: 2936 (Ar-CH), 2856 (Cp-CH), 1732
(CO), 1223 (C-O-C). Elemental analysis for C2391H2160O306Cl48Fe90P90F540: calculated %C 51.63,
%H 3.88, and found %C 52.10, %H 4.21.
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3.3.9

Synthesis of Carboxylic acid-terminated G4-Homometallic Dendrimer (G4-D8)

G4-D8 was synthesized by following same synthesis process of G1-D2, from G4-D7 (0.25 g,
0.02 mmol), a (0.04g, 0.22 mmol), K2CO3 (0.15 g, 1.07 mmol), in 10 mL of DMF. The product
was yellow solid collected by suction filtration and dried under vacuum at room temperature
(Molecular weight 63137.68 g/mol). Yield: (0.21g, 73%). 1H NMR data H (300 MHz; DMSO66

d6): 12.04 (48H, s, COOH), 7.37 (363H, d, J = 8.1Hz uncomplexed Ar-H), 7.24 (360H, d, J =
8.1Hz uncomplexed Ar-H), 6.23 (360H, s, complexed Ar-H), 5.21 (450H, s, Cp-H), 4.77 (168H,
d, J = 8.7 Hz, CH2), 2.65 (450H, s, CH2), 2.39 (90H, s, CH2), 2.24 (360H, s, CH2), 1.69 (135H, m,
CH3).

13

C NMR c (75 MHz; DMSO-d6,): 175.47, 173.78, and 170.80 (CO), 157.36, 154.80,

154.06, 152.12, 148.89, 141.21, and 131.52 (quat-C), 131.27, 130.56, 130.02, 129.41, 122.29,
121.27, 120.74, 119.05, 118.36, and 115.85 (uncomplexed Ar-C), 78.68, and 77.66 (Cp-C), 76.39,
76.02, and 75.46 (complexed Ar-C), 52.43, and 49.38 ( C≡C), 45.89, 38.20, 34.91, 33.31, 32.51,
31.21, and 30.35 (CH2), 27.94 (CH3). ATR-FTIR; max/cm-1: 3310 (COOH), 2922 (Ar-CH), 2867
(Cp-CH), 1732 (CO), 1227 (C-O-C). Elemental analysis for C2919H2784O450Fe90P90F540: calculated
%C 55.47, %H 4.41, and found %C 55.89, and H 4.76.
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3.3.10 Synthesis of Chloro-terminated G5-Homometallic Dendrimer (G5-D9)

In a process similar to the synthesis of G2-D3, G5-D9 was synthesized from G4-D8 (0.25 g,
0.004 mmol), complex 2 (0.21 g, 0.2 mmol), DMAP (0.09 g, 0.75 mmol), and DCC (0.08 g, 0.37
mmol), in 10 mL of DMF. The yellow solid was collected by using suction filtration at room
temperature (Molecular weight 115422.31 g/mol). Yield: (0.32 g, 75%). 1H NMR (300 MHz;
DMSO-d6): 7.34 (555H, s, uncomplexed Ar-H), 7.28 (192H, s, uncomplexed Ar-H), 7.23 (360H,
s, uncomplexed Ar-H), 6.81 (192H, d, J = 6.3 Hz, complexed Ar-H), 6.41( (192H, s, complexed
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Ar-H), 6.23 (360H, s, complexed Ar-H), 5.28 (480H, s, Cp-H), 5.21(450H, s, Cp-H), 4.75 (360H,
d, J = 8.7 Hz, CH2), 2.41 (546H, s, CH2), 2.37 (186H, s, CH2), 2.24 (360H, s, CH2), 1.68 (279H,
m, CH3).

13

C NMR (75 MHz; DMSO-d6,): 173.67, 172.24, and 170.25 (CO), 164.26, 157.55,

154.50, 152.43, 152.06 147.28, 147.05, 141.25, 132.77, 115.55, 131.48 and 104.48 (quat-C),
131.27, 130.56, 130.13, 121.28, 121.01, 120.76, and 108.86 (uncomplexed Ar-C), 80.21 and 78.68
(Cp-C), 87.67, 77.27, 76.01, and 75.45 (complexed Ar-C), 53.96, and 51.76 (C≡C), 68.38, 57.59,
53.47, 52.73, 45.93, 36.26, 34.18, 33.55, 32,54, 31.22, and 30.34 (CH2), 27.82 (CH3). ATR-FTIR;

max/cm-1: 2923 (Ar-CH), 2854 (Cp-CH), 1728 (CO), 1231 (C-O-C). Elemental analysis for
C4983H4512O642Cl96Fe186P186F1116: calculated %C 51.81, and %H 3.91, and found %C 52.15, %H
4.34.
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3.3.11 Synthesis of Co/Fe-DendrimerD3 (HETERODEN 1)

The heterometallic dendrimer was synthesized using a previously reported method.222,223
Under the N2 atmosphere, homometallic dendrimer G2-D3 (0.25 g, 0.023 mmol) was dissolved in
1 mL of dried DMF and 10 mL of dried THF. Co2(CO)8 was added upon complete dissolution,
and then the reaction mixture was stirred at room temperature inside the glovebox for 72 hours.
Subsequently, the THF was evaporated using rotary evaporation, and the red residue was dissolved
into 100 mL acetone. After 10 min, the brown precipitate formed was filtered and reprecipitated
into 10-fold excess of diethyl ether. This technique was used three times to obtain the final product
in 72% yield as a brown solid (Molecular weight 12387.04 g/mol). 1H NMR (300 MHz; DMSO-
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d6): 7.47 (51H, s, uncomplexed Ar-H), 7.34 (48H, s, uncomplexed Ar-H), 6.83 (24H, s, complexed
Ar-H), 6.52 (24H, s, complexed Ar-H), 6.35 ( 24H, s, complexed Ar-H), 5.62 (24H, s, CH2), 5.40
(60H, s, Cp-H), 5.32 (30H, s, Cp-H), 2.43 (42H, s, CH2), 2.26(18H, s, CH2), 2.08 (24 H, s, CH2),
1.63 (27H, s, CH3). 13C NMR c (75 MHz; DMSO-d6,): 193.71, 174.25, 171.12and 164.68 (CO),
154.27, 151.12, 145.51, 133.79, and 104.31 (quat-C), 130.14, 129.59, 122.26, 121.27, 121.01,
120.78, and 119.24 (uncomplexed Ar-C), 80.21, 78.69 (Cp-C), 89.67, 77.27, 76.01, and 75.45
(complexed Ar-C), 35.34, 33.27, and 32.64 (CH2), 27.83 (CH3). ATR-FTIR; max/cm-1: 2925 (ArCH), 2852 (Cp-CH), 1229 (C-O-C), 2097(m), 2057(s), and 2030(s, br) (CO). Elemental analysis
for C483H396O90Cl12Fe18P18F108Co12: calculated %C 46.79, and %H 3.19, and found %C 47.16, %H
4.11.

3.3.12 Synthesis of Co/Fe-Dendrimer( HETERODEN2, HETERODEN3, and
HETERODEN4)
In a process analogous to the designing of HETERODEN1, higher generations of heterometallic
dendrimer were synthesized. The brown solids of HETERODEN2, HETERODEN3, and
HETERODEN4 were collected using suction filtration at room temperature (Molecular weight
30732.6, 67464.6, and 140928.6 g/mol, respectively) with 74-80% yield. The three heterometallic
dendrimers were partially soluble in laboratory solvents, limiting their characterization to ATRFTIR and elemental analyses. ATR-FTIR; max/cm-1: 2935 (Ar-CH), 2863 (Cp-CH), 1239 (C-OC),

2097(m),

2057(s),

and

2030

(s,

br)

(CO).

Elemental

analysis

for

C1203H984O138Cl24Fe42P42F252Co36: calculated %C 46.89, and %H 3.20, and found %C 47.26, %H
4.15, and for C2391H2160O306Cl48Fe90P90F540Co84: calculated %C 47.01, and %H 3.21, and found
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%C 47.86, %H 4.20, while for C5523H4512O642Cl96Fe186P186F1116Co180: calculated %C 47.03, and
%H 3.22, and found %C 48.12, %H 4.39.
3.3.12.1 Co/Fe-Dendrimer( HETERODEN2)
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3.3.12.2 Co/Fe-Dendrimer(HETERODEN 3)
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3.3.12.3

Co/Fe-Dendrimer(HETERODEN 4)
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3.3.13 Formation of Ferromagnetic materials containing TMPs phases
The magnetic materials were prepared using a previously described technique224. Dendrimer
sample was weighed into a quartz boat, transferred inside a quartz tube connected to ultrapure
nitrogen gas, and placed in a pyrolysis furnace. The furnace temperature was gradually raised to
900 ᵒC over 3 h and then held constant for 4 h in a nitrogen stream. After the furnace was cooled
to room temperature under a nitrogen flow (typically over a period of 3 h), the black samples were
collected and weighed.

3.4 Results and Discussion
3.4.1

Syntheses and Characterization of Homometallic Dendrimers

Five generations of homometallic dendrimers containing an alkyne group throughout their
branches were synthesized using a divergent synthetic method, and a good yield was gained around
87%. Steglech esterification reaction was used interchangeably with nucleophilic aromatic
substitution reaction (SNAr)

to build dendrimer generations (Schemes 3.1-4). Dendrimers'

structures were confirmed by 1H,

13

C NMR spectroscopy, IR, and element analysis. The

morphology of dried residues of organometallic dendrimers was achieved using SEM. Also, the
thermal stability was characterized using TGA.
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Scheme 3.1. Schematic illustration of the synthesis of complex 2, and homometallic dendrimers
(G1-D1, G1-D2, and G2-D3).
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Scheme 3.2. Schematic illustration of the synthesis of homometallic dendrimers (G2-D4 and G3D5).
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Scheme 3.3. Schematic illustration of the synthesis of homometallic dendrimers (G3-D6 and G4D7).
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Scheme 3.4. Schematic illustration of the synthesis of homometallic dendrimers (G4-D8 and G5D9).
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1

H and

13

C NMR, FTIR, and elemental analysis were used to confirm the synthesized

homometallic dendrimers. The shift in 1H NMR peaks of homometallic dendrimers supported their
successful syntheses. For instance, terminal carboxylic group dendrimer G1-D2 showed one signal
at 6.23 ppm due to equivalent surrounding etheric oxygen groups, which refers to 24 protons in
the six complexed aryl groups. Similarly, one peak was detected for these complexed protons in
dendrimers G2-D4, G3-D6, and G4-D8. Moving to the terminal chloro-group dendrimer G2-D3,
three distinct peaks appeared at 6.81, 6.41, and 6.23 ppm. The upfield peak at 6.23 ppm indicated
complexed inner aryl groups attached to etheric oxygen groups. While the other two peaks
indicated outer complexed-aryl groups due to non-equivalent attached groups. Also, 1H NMR
spectra of dendrimers G3-D5, G4-D7, and G5-D9 (Fig 3.1) exhibited similar observation peaks
for the complexed aryl group portion. Furthermore, two small peaks were observed around 4.72
and 4.11 ppm in complex 2, which indicate CH2 protons from the alkyne moieties attached to the
carboxylic- and alcohol-end groups, respectively. These peaks were observed as a small broad
peak at 4.76 ppm in G2-D3, G3-D5, G4-D7, and G5-D9, which confirms the success of the
esterification reaction. Additionally, in terminal carboxylic group dendrimers, one peak at 5.21
ppm corresponding to the Cps protons was observed (Fig 3.1). In the chloro-end group dendrimers,
two peaks were found at 5.21 and 5.28 ppm corresponding to the inner and outer Cps protons. It
is also important to state that both Cp peaks showed integration in agreement with the ratio
of Cp protons in the periphery attached either to chloro-arenes or to those in the inner attached to
etheric oxygen groups. The integration of the peaks indicates which peak represents the inner and
which one represents the outer Cp groups. The disappearance of the OH peak of the carboxylic
group in the 1H NMR spectrum of G2-D3, G3-D5, G4-D7, and G5-D9 is another indication of a
successful esterification reaction between G1-D2, G2-D4, G3-D6, and G4-D8 and complex 2.
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This peak resonated at δ = 12.06 ppm in G2-D3, G3-D5, G4-D7, and G5-D9 dendrimers, and due
to the formation of the ester group, the peak has been omitted. This observation confirmed the
successful formation of higher generations dendrimers(Fig 3.1).
The successful synthesis of five generations of dendrimers was also confirmed by using

13

C

NMR spectroscopy. For instance, a carbonyl group with three signals at 175.48, 173. 33 and 171.23
ppm were detected in most of the homometallic dendrimers' spectra. Although three carbonyl
peaks were expected in the G1-D1 and G2-D3 of chloro-end group homometallic dendrimers, only
two signals were recorded at 170.25 and 173.02 ppm. The peak at 170.25 ppm was attributed to
overlapped peaks of the carbonyl carbons of the ester linkages of the first and second generations
of chloro-end group dendrimers, and one at 173.02 ppm referred to the ester linkage of the core.
Similarly, a single peak in the dendrimers G1-D2 and G2-D4 corresponding to the Cp
carbons around 78.70 and 78.68 ppm was observed. Two distinct Cp carbon peaks around 80.21
and 78.68 ppm appeared in the higher generation dendrimers due to the growth of these
generations.
Furthermore, the complexed CH aromatic appeared between 87.97 and 73.57 ppm, while the
uncomplexed CH aromatic occurred between 134.18 and 107.25 ppm, and the C≡C carbons were
detected around 53.92 and 49.76 ppm. The ATR-FTIR absorption spectra of the homometallic
dendrimer exhibited the presence and characteristic bands of hydroxyl, ester, and ether groups,
around 3315, 1705, and 1223 cm−1, respectively. Elemental analysis has further confirmed the
formation of the homometallic dendrimer, as outlined in the experimental section.
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Figure 3.1.1H NMR spectra of (a) Complex 2, (b) G1-D2, (c) G2-D3.
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3.4.2

Synthesis and Characterization of Heterometallic Dendrimers

As described above, reacting carboxylic-end group dendrimers with complex 2 resulted in
peripheral chloro- end group dendrimers containing alkyne groups (Schemes 3.1-4). The free
chloro-terminal group advantages allow further functionalization, whereas alkyne moiety can
permit post-modification with a second metallic moiety. Four generations of a heterometallic
dendrimer (HETERODEN1, HETERODEN2, HETERODEN3, and HETERODEN4) were
synthesized via a three-step synthetic procedure. First, HETERODEN1 was synthesized via
nucleophilic substitution reaction of dendrimer G1-D1 with 5- (4-hydroxyphenyl) pentanoic acid
in the presence of K2CO3 as a catalyst to obtain G1-D2; which upon Steglich esterification reaction
with complex 2 yielded the G2-D3 (Scheme 3.1). In the final step, dicobalt hexacarbonyl was
incorporated into G2-D3 via exploiting the alkyne bonds' reactivity with cobalt octacarbonyl
(Scheme 3.5). The reaction was left to stir for 72 hours to incorporate Co2(CO)6 completely.
Higher generations of heterometallic dendrimers (HETERODEN2, HETERODEN3, and
HETERODEN4) were synthesized following similar procedures(Scheme 3.6-8).
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Scheme 3.5. The synthesis of Co/Fe-dendrimer D3 (HETERDEN 1).

84

Scheme 3.6. The synthesis of Co/Fe-dendrimer D5 (HETERODEN2).
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Scheme 3.7. The synthesis of Co/Fe-dendrimer D7 (HETERODEN3)
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Scheme 3.8. The synthesis of Co/Fe-dendrimer D9 (HETERODEN 4).
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The success of the synthesis of heterometallic dendrimers was monitored using 1H and
NMR spectroscopies and IR spectroscopy and elemental analyses. For example, the

1

13

C

H NMR

spectrum of homometallic dendrimer G1-D2 showed one peak at 6.24 ppm due to the equivalent
environment of the iron-complexed arene ligand, which indicates a successful nucleophilic
aromatic substitution reaction.225,226 Furthermore, the resonance of carboxylic acid proton
disappeared from the 1H NMR spectrum of G2-D3, indicating successful esterification between
the complex 2 and G1-D2. After coordinating Co2(CO)6 into G2-D3, the 1H NMR of
HETERODEN1 reveals that the methylene protons resonance shifted downfield from 4.76 ppm
to 5.62 ppm due to electron deshielding caused by the cobalt.223,227 This finding is consistent with
data obtained previously.226
Again, as indicated in previous reports,212,226-228 carbonyl carbons of the Co2(CO)6 moieties
were detected at 193.71ppm in the 13C NMR spectrum of HETERODEN1. These observations
suggested that Co2(CO)6 was successfully incorporated into the dendrimer branches. It is important
to note that high generations of the heterometallic dendrimers (HETERODEN2,
HETERODEN3, and HETERODEN4) were partially soluble in common laboratory solvents.
Therefore, their characterization using 1H and

13

C NMR was precluded, but we successfully

obtained ATR-FTIR spectra and CH analysis data to ensure their successful synthesis. For
example, in the ATR-FTIR spectrum of heterometallic dendrimers, three characteristic bands for
the CO stretching at 2097, 2057, and 2030 cm-1, were observed as previously mentioned.228 All
carbons in these three peaks indicated Co2(CO)6 presence in the heterometallic dendrimers
(Fig.3.2). The thermal analysis of the HOMODENs and HETERODENs was conducted using
thermogravimetric analysis (TGA) under nitrogen at a heating rate of 10 ᵒC/min. From the TGA
thermogram, it is evident that the HETERODEN1–HETERODEN4 began to degrade at 80 ᵒC
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(Fig.3.3), due to the decomposition of the alkyne-hexacarbonaylcobalt moieties Co2(CO)6, which
is lower than the starting temperature of 200 ᵒC for the same dendrimers without Co2(CO)6. These
findings confirmed that Co2(CO)6 was successfully coordinated to the dendrimers.
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Figure 3.2. ATR-FTIR spectra of heterometallic dendrimers.
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Figure 3.3. TGA thermogram of the heterometallic dendrimers compared to homometallic
dendrimer recorded under nitrogen at a heating rate of 10 ᵒC/min.

3.4.3

Characterization of Magnetic Materials

Pyrolysis of the homometallic and heterometallic dendrimers in a tube furnace at 900 ᵒC in an
inert atmosphere resulted in ferromagnetic materials containing multimetallic phosphide phases in
a small yield (30%). The low yield can be explained by the fact that a large portion of the
dendrimers consists of flexible aliphatic fragments, which evaporate at high temperatures as
gases.33 Powder X-ray diffraction (XRD), SEM and EDX, BF-STEM, TEM, and HRTEM were
used to gain insight into the morphology and bulk composition of the produced magnetic materials.
3.4.3.1 X-Ray Powder Diffraction (XRD)
X-ray powder diffraction (XRD) patterns of magnetic particles exhibit the XRD pattern of the
homometallic (top) and heterometallic (bottom) (Fig. 3.4). The high number of Bragg peaks
observed, especially on the homometallic materials, denotes that the samples are multiphasic
complexes. In order to clarify the type and amount of the distinct crystalline phases contained in
the samples, the whole pattern profile fit (WPPF) of every XRD pattern has been performed using
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the Rietveld method (RM). In this sense, Tables 5.1 and 5.2 show the refined lattice parameters
of the different structures used in the WPPF for homometallic and heterometallic particles,
respectively. Further, weight percentages for these crystalline phases identified on each magnetic
sample are listed in (Tables 3.1 and 3.2). In contrast to the amorphous dendrimer precursor, the
magnetic materials were polycrystalline, consisting of various nanocrystals embedded in an
229

amorphous matrix. The X-ray powder diffraction technique

shows that the heterometallic

samples were more crystalline than homometallic ones, with degrees of crystallinity, ranged from
75 to 86%. The crystals were large as indicated by several sharp peaks around 2θ = 16 - 36ᵒ in the
diffractograms, and their sizes were greater than 50 Å (Tables 5.3 and 5.4) as determined by the
Scherrer equation.230
Table 3.1. Relative weight percentages, determined by the Rietveld method, between crystalline
phases identified on XRD patterns for homometallic particles
Homometallic

Fe3P

Fe2P

FeP

Fe

Fe3(PO4)2

Fe2(P2O7)

films

Crystallinity
%

HOMO-G1

27.6

25.9

1.4

4.5

31.4

9.1

72.54

HOMO-G2

26.8

38.4

8.9

2.9

16.1

9.7

65.54

HOMO-G3

-

46.0

40.7

-

-

13.3

76.15

HOMO-G4

-

44.6

24.9

-

-

30.5

80.10

Table 3.2. Relative weight percentages, determined by the Rietveld method, between crystalline
phases identified on XRD patterns for heterometallic particles.
Heterometallic

Co2P

films

Fe-

Co-

FCC

FCC

Co-HCP

Fe-BCC

Co2P-β

Crystallinity
%

HETERO-G1

21.7

16.9

32.6

-

3.6

25.2

75.92

HETERO-G2

24.2

26.0

12.4

-

9.1

28.3

76.51

HETERO-G3

36.9

28.2

31.2

0.6

3.1

-

75.30

HETERO-G4

40.5

44.2

10.5

0.5

4.2

-

86.23
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Figure 3.4. XRD patterns of homometallic (top) and heterometallic (bottom) magnetic materials.
Insets at the right-top corner show a magnification of the angular range where most intensity Bragg
peaks are.
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Concerning homometallic samples, the structural characterization derived from XRD patterns
analysis shows that the magnetic particles are formed mainly by iron phosphides and phosphates.
Only a few weight percentages (below 5%) of metallic iron was determined for the first- and
second-generation complexes. On the other hand, the heterometallic samples present a higher
number of metallic structures, which include close-packed structures as face-centered cubic (FCC),
hexagonal close-packed (HCP), and body-centered cubic (BCC). Besides that, about 35-50%wt of
cobalt phosphide (2/1) is also established in both forms. It is worth noting that every structural
determination is focused only on crystalline phases, so amorphous material such as the carbon
matrix or even other phases not identified were not quantified.

3.4.3.2 Electron Microscopy Studies
The chemical composition, morphology, and particle size distribution of homometallic and
heterometallic samples have been investigated by SEM and EDS analysis (Fig. 3.5), which verified
the plate-like morphology of the particles with an extensive size distribution. Also, it confirmed
the presence of iron, phosphorus, and oxygen for the homometallic samples and the additional
doped cobalt for heterometallic ones. The homometallic G1 and G3, heterometallic G2 and G3
samples were selected for BF-STEM, TEM, and HRTEM studies. The elemental mapping (Fig.
3.6) emphasizes the heterogeneous dispersion of the EDS-detected elements of two systems.
Overall, these results are highly consistent with the XRD analysis. TEM and HRTEM micrographs
(Fig. 3.7) of samples indicate the crystalline nature of the nearly aggregated particles. Selected
area electron diffraction (SAED) patterns (Fig. 3.7d, h, l, p) exhibited a polycrystalline nature of
homometallic samples and reflected single-crystalline diffraction for heterometallic samples.
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Figure 3.5. SEM images and EDS spectra for homometallic (left) and heterometallic (right);
HOMO-G1/HETERO-G1 (a-c), HOMO-G2/HETERO-G2 (d-f), HOMO-G3/HETEROG3(g-i), and HOMO-G4/HETERO-G4 (j-l) samples, respectively.
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Figure 3.6. BF-STEM elemental mapping for HOMO-G1 (a-d), HOMO-G3 (e-h), HETEROG2 (i-l) and HETERO-G3 (m-p) samples; P (b,f,j,n), Fe (c,g,k,o), O (d,h) and Co (l,p) elemental
maps.
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Figure 3.7. TEM and HRTEM micrographs for HOMO-G1 (a-c), HOMO-G3 (e-g), HETEROG2 (i-k), and HETERO-G3 (m-o) samples and SAED of polycrystalline HOMO-G1 and
HOMO-G3 particles shown in (d,h) and single-crystalline ones in (l,p).

3.4.3.3 Magnetic Properties
An initial examination of the magnetic properties of particles using a magnetic stir bar indicated
some kind of inducted magnetism because the samples were attracted to the magnetic bar. To
further understand their magnetic properties, an EV9 Microsense Vibrating Sample Magnetometer
(VSM) was used to get the magnetization curve (Fig. 3.8), which depicts the magnetization vs.
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applied magnetic field M(H) measured at room temperature (RT) for homometallic (top) and
heterometallic (bottom) materials. Except for G3 and G4 on homometallic samples, the rest of the
samples exhibit a typical hysteresis loop characteristic of ferromagnetic substances, which separate
increasing and decreasing field branches. The absence of a hysteresis loop in G3 and G4 of
homometallic samples is due mainly to the absence of metallic iron, as confirmed by XRD results
(Table 3.1). In addition, the magnetic properties of the iron phosphides observed in homometallic
particles are significantly different according to their stoichiometry.231 Thus, the FeP orthorhombic
phase exhibits antiferromagnetic properties below 115 K, whereas the tetragonal (hexagonal)
crystal structures of Fe3P (Fe2P) phase shows ferromagnetic temperature above (below) RT.231, 232
So, it is reasonable to assume that the absence of both Fe and Fe3P phases could be contributed to
the lack of the hysteresis loop on the former samples. The remanent magnetization (Mr) and
coercive field (Hc) of these ferromagnetic complexes are directly determined in M(H) curves from
the magnetization and field axis crossing points, respectively, whereas the saturation
magnetization (Ms) is estimated through the maximum magnetization value reached (Tables 3.3
and 3.4).
Table 3.3. Ferromagnetic parameters of the homometallic samples estimated from M(H)
measured at RT.
Remanence

Coercitivity

Saturation

Mr (emu/g)

Hc (Oe)

Ms (emu/g)

HOMO-G1

1.64

175

9.7

HOMO-G2

1.07

131

9.1

Sample
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Table 3.4. Ferromagnetic parameters of the heterometallic samples estimated from M(H) curves
measured at RT.
Remanence

Coercivity

Saturation

Mr (emu/g)

Hc (Oe)

Ms (emu/g)

HETERO-G1

1.08

73

63.4

HETERO-G2

1.32

89

60.8

HETERO-G3

1.71

81

74.0

HETERO-G4

1.19

64

75.3

Sample

Concerning this ferromagnetic parameter, saturation magnetization values seem to be correlated
with the metallic amount present in each sample. Since the heterometallic particles have more
metallic phases than homometallic particles, this parameter reaches higher values than the
ferromagnetic homometallic ones, and ultimately, levels of saturation magnetization (Ms) of 6075 emu/g are reached in this group. Besides that, the homometallic particles showed dendritic
effects on ferromagnetic parameters, particularly Hc and Ms, which decreased with increased
generations.232 Moreover, the magnetic properties of nanoparticles are governed by various
parameters, including concentration and interparticle distance.227,233-235 Thus, it has been
previously shown that as the concentration of magnetic species increases to a critical point, the
distance between particles decreases, which leads to an increase in dipolar interaction and
eventually an increase in Hc.236,

237

Therefore, it is logical to presume that changes in iron

concentration in the homometallic samples regulated Hc and Ms, leading to the observed trend. In
contrast to the homometallic particles, no structure-property relationship was observed within the
heterometallic ones. On the other hand, Figure 3.4.9 shows the temperature dependence of
magnetization, M(T) curves, under an applied magnetic field of 1 kOe. The M(T) curves for
homometallic samples exhibit an offset in their magnetization at temperatures around 200K, which
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step seems to be correlated with Fe2P percentages (Table 3.1). Moreover, the iron phosphide (2/1)
Curie temperature of 209K could be slightly altered by means of stoichiometry, interparticle
interaction, morphology, or structure.227,232 In this sense, orthorhombic cobalt phosphides (2/1)
were not ferromagnetic in contrast with the hexagonal iron phosphide (2/1). Nevertheless, the latter
phase is isostructural to the beta-form of the cobalt phosphide (2/1), so possible doping of iron in
this form could be on the slope change observed on M(T) curves for the heterometallic samples
with β-Co2P content (i.e., Hetero-G1 and G2). Finally, it is clear in the figure that the larger cobaltiron nanoclusters in heterometallic samples have helped to enhance their magnetization
susceptibility significantly and also stabilize the magnetization temperature dependence compared
with homometallic samples.
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Figure 3.8. Room temperature hysteresis loops for the homometallic (top) and heterometallic
(bottom) samples. Insets at the right-bottom corner show a magnification of the central part
of the cycles.
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Figure 3.9. Temperature-dependent magnetization curves for the homometallic (top) and
heterometallic (bottom) samples were measured.
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Chapter Four: Aspirin-based Organoiron Dendrimers as Promising Anti-inflammatory,
Anticancer, and Antimicrobial Drugs*

Abstract:
In this chapter, an organometallic dendrimer was used to synthesize a biocompatible drug
delivery system by attaching aspirin to the periphery of the dendrimer. Our goal is to enhance the
bioavailability and anticancer activity of aspirin and reduce its toxicity through successive
generations of organoiron dendrimers. The biological activity of aspirin-based dendrimer
complexes was evaluated. The result of antimicrobial activity of the synthesized dendrimers also
demonstrated an increase in their antimicrobial activity with increased generation of the
dendrimers for most types of microorganisms. All synthesized dendrimers were tested for their
anticancer activity against breast cancer cell lines (MCF-7), hepatocellular cell lines (Hep-G2) and
a non-cancer cell line Human Embryonic Kidney (HEK293), using the MTT cell viability assay
and compared against a standard anticancer drug, Doxorubicin. Compounds G3-D9-Asp and G4D12-Asp exhibited noticeable activity against both cell lines, both of which were more effective
than aspirin itself. In addition, the in vivo anti-inflammatory activity and histopathology of swollen
paws showed that the designed aspirin-based dendrimers displayed significant anti-inflammatory
activity; however, G2-D6-Asp showed the best anti-inflammatory activity, which was more potent
than the reference drug aspirin during the same period.

*This chapter is published as Abd-El-Aziz AS, Benaaisha MR, Abdelghani AA,
Bissessur R, Abdel-Rahman LH, Fayez AM, El-ezz DA.Biomolecules. 2021,11(11):1568. Permits
unrestricted use, MDPI.
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4.1 Introduction
Dendrimers constitute an interesting class of macromolecules that find applications in various
fields, such as catalysis, electronics, and biomedicine.238,239 Indeed, dendrimers could pave the
way for novel therapeutic approaches.240 Dendrimers are hyperbranched molecules whose size,
topology, and flexibility can be strictly controlled during their synthesis.240 This allows for various
functional groups to be grafted onto the outer shell of dendrimers, which can then interact with
other (macro) molecules.241,242 This functionalization can be easily tuned to develop biocompatible
and versatile products.135,218, 243,244 In addition, their unique properties, including globular shape,
nanoscale size, internal cavities, high reactivity, and convenient synthesis procedures, make
dendrimers promising agents in pharmaceutical fields.245,246 Drugs covalently bonded to the
periphery of dendrimers enhance drug stability and provide better control of their release, which
can reduce drug toxicity while increasing its efficacy.247,248 Dendrimer-based drug delivery
systems have emerged to be the most promising systems for meeting the needs of an ideal drug
delivery system. Dendrimer has been shown to be a suitable candidate for oral drug administration,
as it loosens tight junctions in epithelial cells, allowing for better absorption of small molecular
weight drugs. 243, 249 Early dendrimer-based drug delivery systems were mainly organic and derived
their activities from conjugated drug molecules.22, 80 Although organic dendrimers continue to
attract attention, metal-based dendrimers are being explored as an alternative.19,217,250 The
combination of transition metal ions with dendrimers provides highly ordered macromolecular
structures with engaging, magnetic, electronic, photo-optical, and bioactivity properties.22,250-252
Metal-based macromolecules have been proven to be effective against various microorganisms.
Toward this, our research group has focused on incorporating η6-aryl-η5-cyclopentadienyliron (II)
complexes into dendrimers structure, which has been extensively used for various applications,
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especially in the biomedicine field.92,135,225 The use of the organoiron sandwich complexes to
construct several dendrimers has led to the development of novel drug carriers with potent activity
against infection-causing microorganisms. Indeed, the presence of redox-active iron centers in the
dendrimers structure has a key role in activating the formation of reactive oxygen species (ROS),
which in turn eliminate microorganisms.253,254 Aspirin is a non-steroidal anti-inflammatory drug
(NSAID) widely used worldwide.255 More than 82 million aspirin tablets are consumed each
year.256 Aspirin (acetylsalicylic acid) is a white crystalline acidic product with great analgesic,
antipyretic, and anti-inflammatory activities.257, 258 The demand for aspirin and its derivatives for
other biological uses is increasing due to their availability and their ability to act as a precursor to
further modification via the carboxyl group.259 Aspirin’s therapeutic mechanism has been
attributed to the irreversible inhibition of cyclooxygenase (COX), which is a key enzyme for
catalyzing the formation of prostaglandins (PG), including PGE2, PGD2, and thromboxane A2
(TXA2).260-262 These agents are known to trigger inflammation, pain, fever, and blood
clotting.260,262 Aspirin has attracted the attention of several researchers in terms of its role in
preventing cancer cell growth in recent decades. Several studies have shown that aspirin exhibits
protective effects mainly against gastric, esophageal, prostate, and hepatocytic cancers.263-266
Many clinical studies also indicated that taking aspirin may reduce the risk of in situ breast
cancer.266 However, long-term consumption of aspirin is associated with severe side effects such
as gastrointestinal bleeding and hemorrhagic stroke.264,266 Over the past two decades, many efforts
have been made to develop selective aspirin derivatives that can reduce these side effects. For
instance, the chemical modification of aspirin has enhanced its pharmacological properties with
reduced toxicity in the gastrointestinal tract.267,268 Aspirin derivatives also showed antibacterial
activities against Pseudomonas aeruginosa, Escherichia coli, Bacillus subtilis, and
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Staphylococcus aureus.269,270 Other pharmacological activities of aspirin derivatives were also
reported, such as anticoagulant, anti-fungal, antiplatelet and anticancer abilities.271-273 The
pharmacological properties of aspirin and other drugs can also be enhanced by forming
biodegradable polymer-drug conjugates. Many polymer-drug conjugates with non-steroidal antiinflammatory (NSAID) drugs have been reported using a wide range of polymers, such as
poly(anhydride-esters), dendrimers, dextran, copolymers of 2-hydroxyethyl methacrylate
(HEMA), and oligo(3-hydroxybutanoate).274-278 Coupling of NSAIDs with the polymeric carrier
is aimed at obtaining new forms of drugs with beneficial properties such as increased cellular
uptake rate, optimized drug biodistribution, increased stability, prolonged drug release, increased
solubility, and decreased toxicity.251,221,279,280
This study is aimed to enhance the therapeutic efficacy of aspirin and decrease its toxicity
through successive generations of organometallic dendrimers capped with a high number of
terminal aspirin molecules. Dendritic structures were analyzed by spectroscopic and elemental
analysis, which were also used to distinguish between dendrimer generations and the terminal
groups of the same generation. The morphology of the dried residues of the dendrimers was also
determined using scanning electron microscopy (SEM). In addition, the thermal stability,
electrochemical behaviors, and biological activities associated with these complexes have been
performed at the Department of Pharmacology and Toxicology at MSA University, Egipt.

4.2 Experimental
4.2.1

Methods and Materials

All used chemicals, including aspirin, were obtained from Sigma-Aldrich. The chemicals,
unless otherwise indicated, have been used without any further purification. The solvents were
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dried and stored over 3Å molecular sieves before being utilized. The five NSAID drugs were
prepared at the Department of Pharmacology and Toxicology at MSA University. All other
chemicals used were analytically graded. The design of the organoiron complex 1 was carried out
by following previously reported procedures.33,220,281 Four generations of dendrimer were
synthesized based on previously reported procedures.6, 57, 135, 282
4.2.2

Instrumentation

A Bruker Avance NMR spectrometer (1H, 400 MHz and

13

C, 100 MHz) was utilized to

characterize all synthesized dendrimers in DMSO-d6 with the chemical signals referenced
to solvent residual signal in ppm. Fourier transform absorption spectroscopy (ATR-FTIR)
measurements were obtained on a Bruker Alpha-P FTIR spectrophotometer. Cyclic
voltammetric experiments were performed on a Princeton Applied Research/EG&G Model
263 potentiostat/ galvanostat utilizing glassy carbon working electrode, Pt counter
electrode, and Ag reference electrode. Experiments were achieved at a scan rate of 0.1 to
1.5 V / s and at 25 °C and -25 °C in an atmosphere of nitrogen in degassed propylene
carbonate as a solvent and tetrabutylammonium hexafluorophosphate as supporting
electrolyte, were externally referenced to the DMF solution of ferrocene. Scanning electron
micrographs (SEM) of the prepared dendrimers were acquired on Hitachi TM3000 SEM.
Elemental analyses were also performed on CE-440 Elemental Analyser, Exeter Analytical,
Inc.
4.3 Biological Measurements
4.3.1

Antimicrobial Assay

The agar well diffusion method was used in the measurement of the antimicrobial activity of
synthesized dendrimers. All the dendrimers were tested in vitro for their antibacterial activity
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against Gram-positive bacteria, Bacillus subtilis (ATCC 6051) and Staphylococcus aureus
(ATCC12600), Gram-negative bacteria Escherichia coli (ATCC 1175) and Klebsiella pneumoniae
(ATCC10145). Ampicillin and gentamicin were utilized as standard drugs against Gram-positive
and Gram-negative bacteria, respectively. For the two yeasts, Candida albicans and Aspergillus
niger, nystatin was used as a standard drug. DMSO was utilized as solvent control. The prepared
complexes were assessed at a concentration of 15 mg/mL against both bacterial and fungal strains.
4.3.1.1 Method of Testing
The sterile medium was poured onto the sterile Petri dishes (20-25 mL, each Petri dish) and left
to harden at room temperature. The microbial suspension was prepared in sterile saline equivalent
to McFarland 0.5 (1.5x 105 CFU mL-1) standard solution, and its turbidity was modified to OD =
0.13 applying spectrophotometer at 625 nm. Optimally, within 15 minutes after modifying the
turbidity of the inoculum suspension, a sterilized cotton swab was dipped into the modified
suspension and was occupied on the dried agar surface, then left to dry for 15 minutes with cover
in place. Wells of 6 mm in diameter were produced in the solidified media with the support of a
sterilized borer. 100 μL of the solution of the tested compound was added to each well with the
help of a micropipette. The plates were stored at 37°C for 24 h in case of antibacterial evaluation.
This assessment was performed in triplicate, and areas of inhibition were measured on the mm
scale.
4.3.1.2 MTT Assay
The cytotoxic activities of the tested dendrimers against the breast cancer cell line MCF-7,
embryonic kidney non-cancer cells (HEK-293), and hepatic cellular Hep-G2 were evaluated by
MTT assay. A cell suspension was diluted with complete medium to a concentration of 5 × 104
cell/mL. By using a micropipette, 100 μL aliquots of the cell suspension were pipetted into all
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wells of 96-well plate (~5000 cells/well). These plates were incubated at 37°C for one day to allow
cell attachment. Then, cells were treated using 100 µL of growth medium consisting of 0, 0.001,
0.01, 0.1, 1, 10 or 100 μL of the freshly prepared aspirin-based dendrimers in triplicate. After that,
cells were rinsed with phosphate-buffered saline (PBS), and an appropriate fresh medium
including 20 μL MTT in phosphate-buffered saline (0.5 mg/mL) was added to the test wells. The
96-well plate was further incubated in a carbon dioxide incubator at 37 °C for another 4 h, and the
MTT assay study was done. The MTT assay procedure is based on the reduction of the tetrazolium
salt MTT to unsolvable purple formazan via metabolically effective cells, making their activities
quantifiable via spectrophotometry. Consequently, the produced formazan crystals were dissolved
in 120 μL DMSO solvent for each well. Cell viability was established by measuring the absorbance
of each well at 570 nm and at a reference wavelength of 630 nm using an ELISA plate reader.
Findings are expressed in terms of the concentration required to inhibit cell growth by 50% relative
to untreated cells (IC50). Vinblastine was used as the standard, and the corresponding IC50 values
were determined by Equation (1):
𝐼𝐶50 (%) =

𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑂𝐷 − 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑂𝐷
𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑂𝐷

𝑥 100

(1)

4.3.1.3 Animals
The present study was performed on adult albino Wistar rats, weighing 185 ± 200 g. Animals
were kept in the animal house at MSA university. They were kept under suitable conditions of
humidity and temperature (Humidity 60-70%, Temperature 24±2 °C). The animals were fed by
standard pellet chow (El-Nasr chemical co., Cairo, Egypt) and were given access to water ad
libitum.
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4.3.2

Anti-inflammatory Activity

4.3.2.1 In vitro COX-1 and COX-2 Inhibition Assay
All generations of the new synthesized drug functionalized dendrimers were screened for their
in vitro cyclooxygenase (COX-1 & COX-2) inhibitory activity compared to the positive drugs
aspirin, diclofenac sodium, indomethacin, rofecoxib, and celecoxib using an ovine COX-1/COX2 assay kit. The selectivity index (SI values) was defined as IC50 COX-1/ IC50 COX-2.

4.3.2.2 Assessment of In vivo Anti-inflammatory Activity
4.3.2.2.1

In vivo rat paw edema assay

Inflammation-induced in all groups by carrageenan (0.2 mL,1% saline solution) was injected
subcutaneously into the plantar surface of the right hind paw. Group 1 served as a normal group,
group 2 received carrageenan only, and groups 3, 4, 5, 6, and 7 received the test drugs orally 1 h
before carrageenan (n=6).283 Edema was measured in diameter (mm) at 1 h, 2 h, 4 h, and 6 h after
carrageenan injection using a digital caliper. Percentage edema inhibition was calculated as [1(sample diameter/control diameter)] x100. All data of the paw edema are represented as mean ±
standered deviation (SD). Statistical significance was measured at P < 0.05 based on one-way
analysis of variance ANOVA test followed by Tukey's test for multiple comparisons. b was
significantly different from the control group at P < 0.05.

4.3.2.2.2

Determination of Rat Serum PGE2

Inflammation was induced in all groups by carrageenan (0.2 mL, 1% saline solution) injected
subcutaneously into the plantar surface of the right hind paw. Group 1 served as a normal group,
group 2 received carrageenan only, and groups 3, 4, 5, 6, and 7 received the test drugs orally 1 h
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before carrageenan (n=6).283 Blood samples were collected from all groups and centrifuged for 15
minutes to separate the serum and measure serum PGE2 Pg/mL. Percentage Inhibition was
calculated as [1-(sample PGE2 concentration/control PGE2 concentration)]x100. All data of the
PGE2 concentration are represented as mean ± standard deviation (SD). Statistical significance
was measured at P <0.05 based on one-way analysis of variance ANOVA test followed by Tukey's
test for multiple comparisons. b was significantly different from the control group at P<0.05.

4.3.3

Evaluation of Gastrointestinal Toxicity of The Tested Dendrimers

The gastric mucosa was carefully inspected for the occurrence of ulcers with the aid of an
illuminated magnifying lens (l0x), the ulcer score was calculated according to published method284
and ulcer index was determined using the reported formula.285 Ulcer index = 10/x, where x= total
mucosal area/ total ulcerated area. All data are represented as mean ± standard deviation. Statistical
significance was considered at P < 0.05 based on one-way analysis of variance ANOVA test
followed by Tukey's test for multiple comparisons. a significantly different from normal at P <
0.05, and b was significantly different from the aspirin group at P < 0.05.

4.3.3.1 Experimental Design
Rats were fasted for 24 hrs and then randomly allocated into the following groups to evaluate
the potential toxicity of dendrimers on the stomach:
Group 1 served as normal group
Group 2 received aspirin (400mg/kg) orally.
Group 3 received G1 (400mg/kg) orally.
Group 4 received G2 (400mg/kg) orally.
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Group 5 received G3 (400mg/kg) orally.
Group 6 received G4 (400mg/kg) orally.
Animals were left for 4 hrs and then sacrificed under light anesthesia for stomach dissection.
The gastric mucosa was carefully inspected for the occurrence of ulcers with the aid of an
illuminated magnifying lens (l0x), the ulcer score was calculated based on published study 284 and
ulcer index was determined using the reported formula.285 Ulcer index = 10/x, where x= total
mucosal area/ total ulcerated area.

4.3.3.2 Histopathology Examination
The stomach was dissected out, rinsed, and kept in a 10% neutral formalin solution. After
fixation, tissues were routinely processed and stained with hematoxylin and eosin for light
microscopy.286 Lesion scores were evaluated in this study according to a published report,287 three
parameters were evaluated in relation to their severity; epithelial cell loss was given a score from
0 to 3, hemorrhage was given a score from 0 to 4, and a score from 0 to 2 was given for
inflammatory cell infiltration. The total score was given by the summation of the three scores.

4.3.4

Statistical Analysis

Comparison between means was made using one-way analysis of variance (ANOVA) followed
by Tukey's multiple comparisons test. For all statistical tests, the level of significance was fixed at
p < 0.05. Statistical tests were carried out using GraphPad Prism software package, version 5a
(GraphPad Software, Inc., USA).
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4.4 Synthesis and Characterization
4.4.1

General Procedure for The Synthesis of Four Generations of Aspirin basedDendrimers

Four generations of Aspirin based-dendrimers (G1-D3-Asp, G2-D6-Asp, G3-D9-Asp, and G4D12-Asp) were synthesized using Steglich esterification,33 using the proper molar ratio of the core,
drugs, DMAP, and DCC. The solutions were stirred at 0 ᵒC under a nitrogen atmosphere for 15
minutes. After that, the reaction mixture was warmed to room temperature and left to stir for two
days. The mixture was cooled to -25 ᵒC for 2h, filtered to remove dicyclohexylurea, and after that
poured into 10% HCl solution. The products were dried, then dissolved in acetone, cooled to -25oC
in a freezer for two hours, filtered to remove the remaining DHU, and the removal of the solvent
gave rise to the products. The methodology was used to synthesize dendrimer G1-D3-Asp using a
1:6 molar ratio, dendrimer G2-D6-Asp using a 1:12 molar ratio, dendrimer G3-D9-Asp using a
1:24 molar ratio, and finally, dendrimer G4-D12-Asp was synthesized using a 1:48 molar ratio.

112

4.4.2

Synthesis of Aspirin-Terminated Dendrimer (G1-D3-Asp)

The Steglich esterification reaction was used to conjugate aspirin with the first generation of
dendrimer. A 25 mL round-bottom flask was charged with G1-D2 (0.25 g, 0.07 mmol), Aspirin
(0.21 g, 1.21mmol), DMAP (0.28 g, 2.23 mmol), 10 mL of DMF, and after 10 min the DCC (0.24
g, 1.16 mmol) was added (molecular weight 4687.9 g/mol). Yield: (0.24 g, 93%). 1H NMR (400
MHz; DMSO-d6): 7.56 (6H, d, J = 8.4 Hz, CH-Asp), 7.47 (6H, d, J = 7.6 Hz, CH-Asp), 7.39 (12H,
s, CH-Asp), 7.33 (27H, d, J= 7.6Hz, uncomplexed Ar-H), 7.26 (24H, d, J = 8.4 Hz, uncomplexed
Ar-H), 6.28 (24H, s, complexed Ar-H), 5.23 (30H, s, Cp-H), 5.12 (12H, s, CH2-O), 2.21 (12H, s,
CH2), 2.08 (18H, s, Asp-CH3), 1.66 (9H, s, CH3). 13C NMR δc (100 MHz; DMSO-d6,): 170.60 and
169.65 (CO), 153.87, 153.52, 152.12, 146.59, 134.74, and 130.52 (quat-C), 133.80, 132.65,
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129.76, 129.62, 129.09, 121.12, 120.96, 120.36, and 118.33 (uncomplexed Ar-C), 130.98, 130.66,
126.84, 125.80, 124.62, and 122.23 (Asp-Ar-C) 78.40 (Cp-C), 75.60 and 75.49 (complexed ArC), 65.46 (ArCH2-O), 43.20, 33.81, 32.06, and 31.64 (CH2), 27.58 (CH3), 21.19 (Asp-CH3). ATRFTIR; νmax/cm-1: 2926 (Ar-CH), 2850 (Cp-CH), 1731 (CO), 1226 (C-O-C). Elemental analysis for
C219H180O42Fe6P6F36: calculated %C 56.10, %H 3.89, and found %C 56.62, and %H 4.10.

4.4.3

Synthesis of Aspirin-Terminated Dendrimer (G2-D6-Asp)

Aspirin was paired with a second-generation dendrimer by following the Steglich esterification
reaction of aspirin and hydroxyl-terminated dendrimer. A 25 mL round-bottom flask was charged
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with G2-D5 (0.25 g, 0.02 mmol), Aspirin (0.15 g, 0.82 mmol), DMAP (0.18 g, 1.55 mmol), 10
mL of DMF, and then DCC (0.16 g, 0.77 mmol) (Molecular weight 12,847.33 g/mol). Yield: (0.22
g, 92%). 1H NMR (400 MHz; DMSO-d6): 7.55 (12H, d, J = 7.6 Hz, CH-Asp), 7.47 (12H, d, J =
7.6 Hz, CH-Asp), 7.36 (24H, CH-Asp), 7.33 (75H, d, J = 7.2 Hz, uncomplexed Ar-H), 7.25 (72H,
uncomplexed Ar-H), 6.27 (72H, s, complexed Ar-H), 5.23 (90H, s, Cp-H), 5.12 (36H, s, CH2-O),
2.21 (36H, s, CH2), 2.08 (36H, s, CH3-Asp), 1.61 (27H, s, CH3). 13C NMR δc (100 MHz; DMSOd6,): 170.72 and 169.83 (CO), 153.87, 153.52, 152.14, 146.61, 134.73, and 130.54 (quat-C), 133.8,
132.65, 129.76, 129.63, 129.07, 120.39, and 118.33 (uncomplexed Ar-C), 130.98, 130.66, 127.21,
125.80, 124.64, and 122.24 (Asp-Ar-C) 78.38 (Cp-C), 75.59 and 75.48 (complexed Ar-C),
65.22(ArCH2-O), 42.46, 42.20, 33.82, 32.08, 31.23, 30.33 (CH2), 27.59 (CH3), 21.20 (Asp-CH3).
ATR-FTIR; νmax/cm−1: 2932 (Ar-CH), 2857 (Cp-CH), 1736 (CO), 1234 (C-O-C). Elemental
analysis for C591H492O102Fe18P18F108: calculated %C 55.28, and %H 3.86, and found %C 55.86,
%H 4.12.
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4.4.4

Synthesis of Aspirin-Terminated Dendrimer (G3-D9-Asp)

In a process similar to the conjugation of aspirin with the second generation of the dendrimer,
aspirin was conjugated to the third-generation dendrimer. A 25 mL round-bottom flask was
charged with G3-D8 (0.25 g, 0.01 mmol), Aspirin (0.12 g, 0.66 mmol), DMAP (0.16 g, 1.31
mmol), 10 mL of DMF, and then DCC (0.14 g, 0.67 mmol) (Molecular weight 29139.83g/mol).
Yield: (0.21 g, 92%). 1H NMR (400 MHz; DMSO-d6): 7.55 (24H, d, J = 7.6 Hz, CH-Asp),
7.47(24H, d, J = 7.6 Hz, CH-Asp), 7.36 (48H, d, J = 5.2 Hz, CH-Asp), 7.33 (171H, d, J = 8.2 Hz,
uncomplexed Ar-H), 7.25 (168H, d, J = 7.2 Hz, uncomplexed Ar-H), 6.28 (168H, s, complexed
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Ar-H), 5.23 (210H, s, Cp-H), 5.12 (84H, s, CH2-O), 2.21 (84H, s, CH2), 2.08 (72H, s, CH3-Asp),
1.61 (63H, s, CH3).

13

C NMR δc (100 MHz; DMSO-d6,): 173.20, 170.73, 169.86, 169.40, and

165.33 (CO), 153.78, 153.52, 153.43, 152.15, 146.98, 146.66, 146.43, 134.71, and 130.56 (quatC), 133.80, 132.65, 129.66, 129.62, 129.10, 120.98, 120.36, and 118.33 (uncomplexed Ar-C),
130.98, 130.66, 125.80, 123.09, and 121.12 (aspirin Ar-C) 78.38 (Cp-C), 75.59 and 75.49
(complexed Ar-C), 65.41(ArCH2-O), 33.82, 32.06, 31.66, 30.80 and 30.57 (CH2), 27.61 (CH3),
21.23 (Asp-CH3). ATR-FTIR; νmax/cm-1: 2930 (Ar-CH), 2866 (Cp-CH), 1739 (CO), 1221 (C-OC). Elemental analysis for C1335H1116O222Fe42P42F252: calculated %C 55.02, and %H 3.76, and
found %C 55.68, and %H 3.97.
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4.4.5

Synthesis of Aspirin-Terminated Dendrimer (G4-D12-Asp)

The fourth generation of dendrimer was functionalized with aspirin by following the Steglich
esterification reaction of aspirin and hydroxyl-terminated dendrimer. A 25 mL round-bottom flask
was charged with G4-D11 (0.25 g, 0.004 mmol), Aspirin (0.11 g, 0.66 mmol), DMAP (0.14 g,
1.31 mmol), 10 mL of DMF, and then DCC (0.10 g, 0.47 mmol) (Molecular weight
61742.39g/mol). Yield: (0.2 g, 90%). 1H NMR (400 MHz; DMSO-d6): 7.56 (48H, d, J = 8 Hz, CHaspirin), 7.47(48H, d, J = 7.6 Hz, CH-aspirin), 7.36 (96H, d, J = 5.4 Hz, CH-aspirn), 7.33 (363H,
d, J = 7.4Hz, uncomplexed Ar-H), 7.25 (360H, d, J = 8.4Hz, uncomplexed Ar-H), 6.28 (360H, s,
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complexed Ar-H), 5.23 (450H, s, Cp-H), 5.12 (180H, s, CH2-O), 2.21 (180H, s, CH2), 2.08 (144H,
s, CH3-Asp), 1.61 (135H, s, CH3). 13C NMR δc (100 MHz; DMSO-d6,): 173.19, 170.72, 169.82,
169.39, and 165.30(CO), 153.87, 153.52, 153.31, 152.20, 152.14, 146.96, 146.61, 146.37, 134.72,
and 130.50 (quat-C), 133.80, 132.65, 130.97, 129.63, 129.09, 120.95, 120.36, and 118.33
(uncomplexed Ar-C), 130.66, 125.85, 123.11, and 121.12 (Asp-Ar-C) 78.39 (Cp-C), 75.59 and
75.49 (complexed Ar-C), 65.19 (ArCH2-O), 45.54, 33.80, 33.41, 32.04, 31.66, 30.81 and 30.62
(CH2), 27.63 (CH3), 21.26 (aspirin-CH3). ATR-FTIR; νmax/cm-1: 2934 (Ar-CH), 2868 (Cp-CH),
1740 (CO), 1223 (C-O-C). Elemental analysis for C2823H2364O462Fe90P90F540: calculated %C 54.86
%H 3.83, and found %C 54.68, and %H 4.28.

4.5 Results and Discussion
4.5.1

Syntheses of and Characterization of The Aspirin-based Dendrimers

Four generations of dendrimers were functionalized with aspirin units in their periphery and
evaluated these molecules for antimicrobial, anticancer, and anti-inflammatory activities. The
divergent synthetic method was utilized to build the dendrimer from the first to fourth generation,
and an excellent yield was gained around 90%. Under moderate conditions, the Steglich
esterification procedure was used interchangeably with nucleophilic aromatic substitution
reactions to build dendrimer generations.33,135 Coupling aspirin with dendrimer generations was
conducted by the Steglich esterification procedure using appropriated molar ratios. As an example,
the first-generation aspirin-based dendrimer was obtained by the reaction between G1-D2 and
aspirin by obtaining the appropriate molar ratio yielding G1-D3-Asp. By similar iterative steps
starting, other aspirin-based dendrimers were designed, as shown below (Scheme 4.1-4).
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Scheme 4.1. Schematic representation of the synthesis of G1-D3-Asp
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Scheme 4.2. Schematic representation of the synthesis of G2-D6-Asp
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Scheme 4.3. Schematic representation of the synthesis of G3-D9-Asp
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Scheme 4.4. Schematic representation of the synthesis of G4-D12-Asp
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1

H and

13

C NMR, FT-IR, TGA, and elemental analysis were used to confirm the capping of

aspirin with dendrimer generations. In the 1H and 13C NMR spectrum, roughly the same trend was
observed for the four generations, with slight downfield shifting as generation increases. For
example, in the 1H NMR spectrum of dendrimer G2-D4, the complexed aryl protons were
observed as three peaks. The protons of the inner complexed aryl groups appeared at 6.30 ppm,
evidently differentiated from those of the outer complexed aryl protons, which resonated at two
different frequencies, 6.43 and 6.82 ppm, due to non-equivalent attached groups. On peripheral
functionalization of G2-D4 with 4-hydroxy benzyl alcohol to build higher generations, for
instance, in G2-D5, these complexed aryl protons resonated upfield as one peak at δ = 6.28 ppm
due to equivalent surrounding etheric oxygen groups. In addition, in G2-D4, two peaks appeared
at 5.28 and 5.22 ppm, corresponding to the two distinct Cp protons. These Cp peaks showed
integration in agreement with the ratio of Cp protons pendent to the chloro-arenes in the
periphery to those in the inner arenes with the etheric bridges. There were two Cp peaks of
G2-D4 due to the different environments, which became one peak in G2-D5 due to the surrounding
all-cyclopentadienyl groups with etheric oxygen at the para positions. This peak still appeared as
a singlet in G2-D6-Asp for the same reason, with a negligible shift.
Moreover, in the dendrimer G2-D5, a singlet peak at δ = 4.58 ppm was observed. This peak
referred to the 24 protons of methylene groups in 4-hydroxy benzyl alcohol. Following the
periphery functionalization of the dendrimer G2-D5 with aspirin moieties to yield G2-D6-Asp,
these protons resonated downfield at δ = 5.12 ppm. The disappearance of the OH peak of hydroxy
benzyl alcohol in the 1H NMR spectrum of G2-D6-Asp is another indication of a successful
esterification reaction between G2-D5 and aspirin (Fig. 4.1). This peak was resonated at δ = 5.32
ppm in G2-D5 dendrimer, and due to the formation of the ester group, the peak has been omitted.
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Additional peaks were also observed in the 1H NMR spectrum of G2-D6-Asp at δ = 7.56, 7.47,
and 7.39 ppm; these peaks indicate the 24 protons of aromatic aspirin. The 1H NMR spectrum of
higher generations has exhibited similar observations after reacting with aspirin. A new CH3 peak
also appeared at δ = 2.08, which refers to the Asp-methyl groups. These observations suggested
that aspirin was successfully coordinated into the dendrimer generations.
Successful coupling of aspirin with four generations of dendrimers was also confirmed by using
13

C NMR spectroscopy. It is important to mention that similar observations were detected in the

13

C NMR spectra of the four generations after conjugation with aspirin, which could be due to

equivalent environments. For example, carbonyl groups were observed as two peaks around
170.60 and 169.65 ppm in the four generations. These peaks referred to the ester linkage of
generations and the ester linkage of the core, respectively. The Cp carbons were observed as two
peaks around 79.68 and 76.89 ppm in G2-D4, one peak at 76.89 ppm, which refers to the inner Cp
carbon, while the peak around 79.68ppm refers to the outer Cp carbon. Due to the equivalent
environments, these Cp carbons were slightly shifted upfield as a single peak at 80.12ppm in G2D5. In addition, one peak corresponding to the Cp carbons around 78.40 ppm appeared for all
aspirin-based dendrimers. Furthermore, the complexed carbons of outer and inner aryl groups
appeared as two peaks around 87.98 and 74.76 ppm in G2-D4, respectively. These peaks were
observed around 75.67 and 76.10 ppm in G2-D5. In the presence of the peripheral aspirin moieties,
the complexed carbons vibrated around 75.60 ppm, while the uncomplexed carbons were detected
between 130.98 and 118.33 ppm. In addition, the carbon of ArCH2O was found around 65.20 ppm,
the quaternary carbons were noticed between 153.87 and 130.50 ppm, and aspirin-CH3 carbons
were located around 27.58 ppm in four generations.
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The ATR-FTIR absorption spectra of prepared dendrimers exhibited the presence of
characteristic (Ar-CH), (Cp-CH), (CO), and (C-O-C) bands, around 2926, 2850, 1731, and 1226
cm−1, respectively. Elemental analysis has further confirmed the dendrimers’ formation, as
outlined in the experimental section.

Cp

uncomplexed complexed
Ar
Ar

complexed
Ar

Cp

uncomplexed
Ar
OCH2

OH

complexed
Ar
uncomplexed
Ar

Cp

OCH2

Figure 4.1. 1H NMR spectra of (a) G2-D4, (b) G2-D5, and (c) G2-D6-Asp in DMSO-d6.
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4.5.2

Morphological Characterization

The surface texture was examined as presented in a powder film for the prepared dendrimers
by scanning electron microscopy (SEM). Representative surface morphologies of the film are
presented in (Fig. 4.2). The G1-D3-Asp had no specified shape and appeared as globular irregular
amorphous (Fig. 4.2a). The micrographs of G2-D6-Asp indicated the residue consisted of an
agglomeration of different particle sizes and shapes. The large substrate particles were of different
sizes with sharp edges, surrounded with irregular amorphous particles (Fig. 4.2b). The
morphology began to exhibit a rock-like agglomeration of different sizes and shapes. Particle
agglomeration was also observed with the G3-D9-Asp, with particles having a rock-like
appearance with different pore sizes (Fig. 4.5.2c). Well-defined particles were observed in G4D12-Asp residues, with particles having thin leaf-like slice shapes with sharp edges and almost
uniform in size (Fig. 4.2d).
(a)

(b)

(c)

(d)

Figure 4.2. Scanning Electron Microscope Images for G1-D3-Asp (a), G2-D6-Asp (b), G3-D9Asp (c), G4-D12-Asp (d).
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4.5.3

Thermal Analysis of Synthesized Dendrimers

The thermal stability of the dendrimers was studied using thermogravimetric analysis (TGA)
under nitrogen. The prepared dendrimers containing cationic cyclopentadienyliron in their
branches showed similar three characteristic decomposition stages at slightly different
temperatures (Fig. 4.3), for example, 24% weight loss at 150 ºC for G1-D3-Asp, 19% weight loss
at 178 ºC for G2-D6-Asp, 18% weight loss at 180ºC for G3-D9-Asp, and 18% weight loss at
200ºC for G4-D12-Asp.
The first degradation indicates the loss of the attached cyclopentadienyliron moieties from the
backbones of these dendrimers. Further significant weight losses were exhibited between 250ºC
and 380 ºC, which attributed to the second decomposition. The second decomposition was
recorded around 250 ºC for G1-D3-Asp with 26% weight loss, 340 ºC for G2-D6-Asp with 34%
weight loss, 360 ºC for G3-D9-Asp with 32% weight loss, and 380 ºC for G4-D12-Asp with 37%
weight loss.
The third mass losses between 456 ºC and 560 ºC were assigned to thermal decomposition,
oxidation, and volatilization of the remaining dendrimer backbone, recorded around 456 ºC for
G1-D3-Asp with 30% weight loss, 560 ºC for G2-D6-Asp with 25% weight loss, 540 ºC for G3D9-Asp with 28% weight loss, and 530 ºC for G4-D12-Asp with 20% weight loss. In the last part
of these analyses, which was around 620 °C, the remaining content was around 20% for four
generations assigned to iron's residual weight measured.220,280
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Figure 4.3. Thermogravimetric analysis (TGA) of G1-D3-Asp, G2-D6-Asp, G3-D9-Asp, and G4D12-Asp.

4.5.4

Electrochemical Properties

Electrochemical properties were investigated for produced dendrimer generations at 25oC and
0oC in 0.1 M Bu4NPF6 solution using a propylene carbonate (as a supporting electrolyte), a Pt wire
counter electrode, an Ag/Ag+ reference electrode and a glassy carbon working electrode. The
potential value was scanned in the range of 0 to -2.0 mV/s. The synthetic method allowed the
association of redox-active η6-aryl-η5 cyclopentadienyl iron (II) centers in the dendritic branches
at every repeated synthetic step to form layers of redox centers, which are understood to be redoxactive. All aspirin-based dendrimer complexes showed a single reversible redox wave, with
different intensities dependent on dendrimer generation, and the average E1/2 value was between 1.18 V and -1.26 V (Fig. 4.4). The presence of a single redox wave was expected due to the
noninteracting and equivalent redox centers. It is worth stating that increasing the number of
cationic iron centers in successive dendrimeric generations enhanced the wave's intensity. The
electron transfer rate between the electrodes and iron centers in different dendritic generations
prevented the splitting of the reduction wave and overlapped cathodic currents, resulting from the
reduction of iron centers.280,281
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Figure 4.4. Representative cyclic voltammogram for G1-D3-Asp, G2-D6-Asp, G3-D9-Asp, G4D12 -Asp in 0.1 M Bu4NPF6 in propylene carbonate.

4.5.5

Antimicrobial Activity

Many studies have confirmed that NSAIDs display antibacterial properties, but the mechanism
of action is not clear yet.135,288-290 Aspirin and ibuprofen showed antibacterial activity toward some
types of pathogenic bacteria.291 With a modification of aspirin in some derivatives, the
gastrointestinal toxicity of aspirin has decreased, and the pharmacological properties have been
improved.268,291 Anti-fungal activity was also found to be a property of certain aspirin
derivatives.272 Agar well diffusion by using nutrient agar medium was used to examine the
antimicrobial activity of the organoiron dendrimers G1-G4. The inhibition zones in mm for the
four generations of aspirin-based organoiron dendrimers were determined against two Grampositive bacteria (B. subtills and S. aureus), two Gram-negative bacteria (E. coli and K.
pneumoniae), and two yeasts C. albicans and A. niger, employing the modified Kirby–Bauer disc
diffusion method. Control experiments against each strain were carried out with known
antimicrobial agents ampicillin, gentamicin, and nystatin for the three types, respectively. The
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solvent control was DMSO, and the concentration of the organoiron dendrimers was tested against
both bacterial and fungal strains was 15 mg/mL.
The results of inhibition exhibited excellent activity against all bacterial and fungi strains in
addition to the anti-inflammatory effect due to the presence of aspirin moieties. The fourthgeneration G4 dendrimer showed notable antimicrobial activity, and its inhibition zone for all
Gram-positive and Gram-negative bacteria and fungus is higher than that of the standard drugs.
The antimicrobial activity of the four aspirin-based organoiron dendrimers increased by increasing
the generation of the dendrimers for most types of microorganisms, determined by the inhibition
zones in mm (Table 4.1) (Fig.4.5). Comparing the antibacterial activity of the organoiron
complexes that were earlier reported,292 we can undoubtedly see the enhancement of the activity
for the organoiron dendrimers, especially the dendrimers containing aspirin.
Table 4.1. The results of antimicrobial activity for the aspirin and G1-D3-Asp, G2-D6-Asp,
G3-D9-Asp, and G4-D12-Asp at 15 mg/mL against different strains of bacteria and fungi
compared to references.
G1-D3Asp

G2-D6Asp

B. subtilis

14±0.11

S. aureus

19±0.09

E. coli

10±0.10

K.
pneumoni
ae
C.
albicans
A. niger

15±0.08

15±0.09
18±0.11

G4-D12Asp

Aspri
n

Gentam
icin

Ampicil
lin

Nysta
tin

16±0.1
0
21±0.1
1
11±0.0
9
19±0.1
0

G3D9Asp
16±0.0
9
24±0.1
0
13±0.1
1
22±0.1
0

20±0.12

23±0.
08
30±0.
07
18±0.
06
26±0.
11

-

25±0.06

-

-

15±0.05

-

17±0.04

-

-

22±0.02

-

-

19±0.1
1
20±0.0
9

21±0.0
7
21±0.1
1

21±0.12

-

-

-

-

21±0.
11
15±0.
08

28±0.10
17±0.11
23±0.09

25±0.11

All data are represented as mean ± SE.
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Figure 4.5. The results of antimicrobial activity for the aspirin and the G1, G2, G3 and G4
dendrimers at 15 mg/mL against different strains of bacteria and fungi compared to references.
All data are represented as mean ± SE. Statistical significance was measured at p < 0.05 based
on a one-way analysis of variance ANOVA test followed by Tukey’s test for multiple
comparisons. a was significantly different from the aspirin group at p < 0.05, b was
significantly different from the gentamicin group at p < 0.05, c was significantly different
from the ampicillin group at p < 0.05, and d was significantly different from the nystatin group
at p < 0.05.

The association of individual units of aspirin into self-assembled highly ordered dendrimers
gave excellent properties to the newly synthesized dendrimers. The essential reason for this is the
possibility of highly functionalized dendrimers with an efficient material, aspirin, that can be
useful in biomedical applications. This has opened new avenues for their use in material science
and bioscience delivery applications. For instance, notable antibacterial activity was shown against
B. subtilis for the first generation G1-D3-Asp, having 6 aspirin units at the periphery, while the
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best result was found for the fourth generation G4-D12-Asp, containing 48 aspirin units at the
periphery. This is likely due to the increase in the total outside aspirin molecules of the dendrimer.
Increasing the number of available drug groups can enhance the interaction with the targeted
microorganism. All aspirin-based dendrimers showed a significant increase in the antibacterial
activity against S. aureus, comparable with antimicrobial reference ampicillin; however, G4-D12Asp showed the most potent antibacterial activity. Gram-negative bacteria are the reason for many
hospital-acquired infections, and they are highly resistant to most antibiotic drugs, likely due to
the presence of an outer membrane structure that is absent in Gram-positive bacteria.293
This study reveals for the first time that organoiron dendrimers linked with aspirin exhibit an
excellent Gram-negative activity comparable to the reference gentamicin. Increasing the number
of aspirin units increases the action on the pathogenic microbes. Dendrimers in lower generations
have minor activity against Gram-negative bacteria E. coli and K. pneumoniae. Similar activity
was observed against E. coli and K. pneumoniae for both G4-D12-Asp and the reference drug.
Aspirin is proven to have an anti-fungal effect. However, its effect on candida biofilm is not
completely understood.294 Some studies have confirmed that treating abiotic surfaces with aspirin
is successful in annihilating biofilms of C. albicans, E. coli, and P. aeruginosa.271,295,296 The antifungal activities of the tested dendrimers were determined against C. albicans and A. niger. It has
been found that all generations G1-G4 were exhibited greater anti-fungal activity at the tested
concentration. From the result, G3-D9-Asp and G4-D12-Asp at a concentration of 15 mg/mL for
24 hours were required to annihilate the C. albicans biofilm to the same level as the reference drug
nystatin, while G1 and G2 were a bit lower. As in the antibacterial study, the increase in the
number of aspirin units results in increased activity. The inhibition zone of the A. niger, however,
showed higher effect of all aspirin-based dendrimers, at the same concentration, than nystatin. Pure
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aspirin showed the best result against C. albicans biofilm and A. niger. The use of aspirin,
therefore, may have the advantage of preventing the development of drug resistance in the future.
It has been reported that the organoiron macromolecular complexes enhance antimicrobial
activity via the induction of cellular oxidative stress, as previously mentioned.297, 298 Due to the
oxidation-reduction activities, they are likely to generate reactive oxygen species (ROS) via
electron transfer to oxygen.297,298 The presence of ROS influences oxidative strain, a cellular
protection plan employed against a broad spectrum of microbes.135,218,283,299 By increasing the
number of the iron centers η6-arene–η5-cyclopentadienyliron (II) complex through the dendritic
branches, the efficiency of the dendrimers against these tested types of bacteria and fungi will be
improved. The sample of the images of Petri dishes utilized to measure inhibition zone areas of
the dendrimers from G1 to G4 and aspirin with the tested bacteria and fungi are presented in (Fig.
4.6).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.6. Images of Petri dishes with the inhibition zones against gram-positive bacteria,
(a) B. sabtilis; (b) S. aureus; two Gram-negative bacteria, (c) E. coli; and (d) K. pneumoniae,
and two yeast, (e) C. albicans, and (f) A. niger, of aspirin and its derivatives G1-D3-Asp, G2D6-Asp, G3-D9-Asp, and G4-D12-Asp.
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Although the free drug Aspirin had higher antibacterial and antifungal activity than most of the
dendrimer generations, we found the fourth generation also has a slight increase in the effect
compared to the reference drug. The reduction in activity compared to aspirin itself could be due
to the decrease in the solubility of the fourth-generation dendrimer. Solubility is one of the
challenges that still need to be addressed in order to make dendrimers a good choice for
pharmaceutical research in the future.

4.5.6

Anticancer Activity

Several studies suggest that non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin,
that inhibit prostaglandin (PGE2) production could be used as a protecting drug against the
formation of tumors and may play a role during tumor progression.263,300 Furthermore, it has been
proven that low-dose aspirin inhibits tumor production and that the aspirin antitumor effect is
stronger when treatment begins before tumor initiation.300 Aspirin and four generations of aspirinbased dendrimers were tested for their anticancer activity against breast cancer cell lines (MCF7), hepatocellular cell lines (Hep-G2), and embryonic kidney noncancer cells (HEK-293) (Table
4.2) (Fig. 4.7). Control experiments against each strain were carried out using the well-known
anticancer agent doxorubicin. Both G3-D9-Asp and G4-D12-Asp exhibited notable activity
against both cell lines. G3-D9-Asp and G4-D12-Asp were more effective than aspirin for both
(Hep-G2) and (MCF-7). Increasing the number of generations of the dendrimers also resulted in
an increase in efficacy against the cell lines. More importantly, the four prepared generations of
aspirin-based dendrimers are highly specific towards cancer cell lines only, as they exhibited mild
toxicity against the normal cell line (HEK-293), as illustrated in (Fig4.7).
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Table 4.2. Cytotoxicity of G1-G4 aspirin-based dendrimer and aspirin.

Hep-G2
MCF-7
HEK-293

G1-D3Asp
372.21±0.0
9
323.18±0.0
7
342.01±0.0
6

G2-D6Asp
324.95±0.
10
320.59±0.
12
320.48±0.
09

G3-D9Asp
105.05±0.0
5
193.46±0.0
4
224.31±0.0
7

G4-D12Aspirin
Asp
111.77±0.11 192.40±0.0
4
191.66±0.09 208.96±0.0
5
234.11±0.10 240.18±0.0
3

Doxorubi
cin
4.80±0.09
5.70±0.07
205.07±0.
05

All data are represented as mean ± SE.

Hep-G2

500
450
400

MCF-7

HEK-293

ab

ab
ab

ab ab

350

ab

300

ab

250
200

ab

ab

ab

ab

b b b

a

ab

150
100

a

50

a

0
G1

G2

G3

G4

Aspirin

Doxorubicin

Figure 4.7. The results of cytotoxicity activity for the aspirin and G1-D3-Asp, G2-D6-Asp,
G3-D9-Asp, and G4-D12-Asp at 15 mg/mL against Hep-G2, MCF-7, and HEK-293
compared to doxorubicin. All data are represented as mean ± SE. Statistical significance was
measured at P < 0.05 based on one-way analysis of variance ANOVA test followed by Tukey’s
test for multiple comparisons. a significantly different from the aspirin group at p < 0.05, and
b significantly different from the doxorubicin group at p < 0.05.

The functional effects of aspirin as a drug partially depend on cyclooxygenase (COX)
inhibition; unlike other NSAIDs, the effect of aspirin by this mechanism is irreversible.300,301 A
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recent study showed that the interaction of redox-active center with intracellular biological
molecules might be the cause of the ROS formation, which is responsible for oxidative DNA
cleavage, and is most likely to be associated with programmed cell death.301,302 Cyclic
voltammetric studies of the aspirin-based organoiron dendrimers have revealed that these
complexes undergo easy reduction. Thus, inside cells, iron can go from one oxidation state to
another under physiological conditions. This redox cycle is also responsible for the toxic ability of
iron toward cancer cells, which is accomplished through the stimulation of reactive oxygen species
(ROS) formation.303

4.5.7

Aspirin-based Dendrimer Inhibits Proliferation of MCF-7 and Hep-G2 Cells

To examine whether the aspirin-based dendrimers reduced cell viability in metastatic breast
cancer MCF-7 and hepatocellular carcinoma Hep-G2, MTT was utilized (Fig. 4.8). MTT assay
was performed to confirm the cytotoxic effect of prepared aspirin-based dendrimer complexes.
The assay was done according to the published method.304

Figure 4.8. The morphologies of MCF-7 cells (left) and HepG2 cells (Right) were treated with
G3-D9-Asp for 72 h. Images were acquired using a microscope (200× magnification).
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It has been demonstrated that aspirin inhibits the human HCC cells and tumor cells by
suppressing cell cycle-related molecules and inducing cell apoptosis by increasing oxidative
stress.305,306 Recent analysis has indicated that there was a significant inverse association between
aspirin dose and cell proliferation.306,307 As shown in Figure 4.8, G3-D9-Asp inhibited cell
proliferation in a concentration-dependent manner. Effect of G3-D9-Asp on breast cancer cells
(MCF-7) showed complete detachment at 1000 µg while it caused partial detachment with circular
and shrinkage of cells as cytopathic effect (CPE) at 500 and 250 µg. The treatment exhibited
significant abnormal morphological changes with small colonies at 125µg and slightly
morphological changes at 62.5 µg. Indeed, G3-D9-Asp was highly efficient in inhibiting liver
cancer (HepG2) cell proliferation. It exhibited complete detachment at concentrations of 1000 µg,
500µg, and 250 µg (Fig.4.8) while resulting in partial detachment with shrinkage of cells as
cytopathic effect (CPE) at 125 µg. A slight morphological change in cells appeared at 62.5 µg, and
at the lowest concentration of 31.25, the G3-D9-Asp inhibitor showed no toxicity for both cell
lines.

4.5.8

In Vitro COX-1 and COX-2 Inhibition Assay

Recent studies on COX-1 and COX-2 inhibitors are focused on increasing the selectivity index
of drugs towards COX-1 and COX-2 as it acts as the main effector in the mechanism of pain and
inflammation.308,309 In this paper, all aspirin-based dendrimer complexes were screened for their
in vitro cyclooxygenase (COX-1 & COX-2) inhibitory activity compared to the positive drugs
aspirin, diclofenac sodium, indomethacin, rofecoxib, and celecoxib using an ovine COX-1/COX2 assay kit. Studying the data (Table 4.3), no notable difference was found between the newly
prepared organoiron dendrimers and the existing drug aspirin. All aspirin-based dendrimers are
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good inhibitors of COX-1 and COX-2; however, G4-D12-Asp exhibited potent in vitro COX-1
inhibitory activity (IC50 = 1.2 μM), which is lower than aspirin (IC50 = 1.3 μM) with a SI towards
COX-2 of 0.20. On the other hand, G1-D3-Asp had the highest IC50 value for COX-1 between all
aspirin-based dendrimers complexes (IC50 = 1.5 μM). Second-generation G2-D6-Asp and thirdgeneration G3-D9-Asp dendrimers showed similar inhibitory activity of COX-1 (IC50 = 1.3 μM),
like aspirin. The tested generations G1, G2, G3, and G4 showed inhibitory activity of the COX-2
enzyme, which suggests a potential anti-inflammatory effect. G4-D12-Asp showed the best
inhibitory activity for COX-2 with IC50 of 6.3 μM however, it had the least SI (0.19) towards COX2, whereas G1-D3-Asp had the lowest inhibitory activity of COX-1 with an IC50 of 6.8 μM and a
SI identical to aspirin (0.22). Studying the structure relationship based on the received biological
data, the best efficacy compared to the standard drug aspirin was recognized as G4-D12-Asp.
Raising the number of aspirin terminal units in the fourth-generation dendrimer could be the main
reason for the inhibitory activity.
Table 4.3. IC50 of inhibition of COX-1/COX-2 enzyme of the tested compounds.
Code

COX-1 µm IC50

COX-2 µm IC50

SI*

Celecoxib

14.7

0.045

>300

Rofecoxib

14.5

0.025

>500

Indomethacin

0.1

0.080

>500

Diclofenac sodium

3.8

0.84

>4

Aspirin

1.3

5.9

0.22

G1-D3-Asp

1.5

6.8

0.22

G2-D6-Asp

1.3

6.5

0.20

G3-D9-Asp

1.3

6.4

0.20

G4-D12-Asp

1.2

6.3

0.19

*Selectivity index (COX-1 IC50/ COX-2 IC50)
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4.5.9

Assessment of In vivo Anti-Inflammatory Activity

4.5.9.1 In vivo Rat Paw Edema Assay
The anti-inflammatory activity of the four organoiron dendrimers and aspirin was further
evaluated in vivo by carrageenan-induced rat paw edema assay. The paw edema was induced via
subcutaneous carrageenan injection in rat paws, and the results were compared to aspirin as a
reference drug. The strength of the tested dendrimers to inhibit edema (% edema inhibition) was
calculated based on the changes in paw thickness (edema diameter, mm) at different periods; 1 h,
2 h, 4 h, and 6 h (Table 4.4).
Table 4.4. The effect of different treatments on carrageenan-induced paw edema at different
intervals.
Groups

Paw thickness (mm)
% Inhibition
1h
2h
4h 6h
1h
2h
4h
6h
Normal
3.11b±
3.19 b ± 3.19 b ± 3.14 b ±
0.10
0.16
0.22
0.20
Control
5.10±
6.92 ± 7.64 ± 9.65 ±
0.20
0.37
0.42
1.8
Aspirin
3.32 b ±
4.00 b ± 4.96 b ± 5.08 b ± 34.82 42.23 35.08 47.38
0.23
0.36
0.48
0.56
G1-D3-Asp
4.54 b ±
5.23 b ± 6.44 b ± 7.50 b ± 10.91 24.37 15.78 22.31
0.34
0.59
0.44
0.76
G2-D6-Asp
3.45 b ±
3.99 b ± 4.32 b ± 4.97 b ± 32.29 42.34 43.53 48.51
0.34
0.79
0.59
0.80
G3-D9-Asp
4.27 b ±
4.71 b ± 5.58 b ± 5.93 b ± 16.15 31.95 26.94 38.60
0.30
0.32
0.55
0.38
G4-D12-Asp 3.96 b ±
4.84 b ± 6.21 b ± 7.00 b ± 22.20 30.01 18.76 27.52
0.23
0.40
0.51
0.73
All data of the paw thickness are represented as mean ± SD. Statistical significance was
measured at p < 0.05 based on a one-way analysis of variance ANOVA test followed by
Tukey’s test for multiple comparisons. b was significantly different from the control group at
p < 0.05.
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The tested dendrimers inhibited the development of edema after various measurements and
showed notable anti-inflammatory activity (Fig.4.9). Investigating results in (Table 4.4) proved
that the effect was most obvious when using G2-D6-Asp as it exhibited inhibition by 43.53% after
4 h. This was more efficient as an anti-inflammatory agent than the reference drug aspirin, which
exhibited only 35.08% inhibition after the same period. In addition, the same generation showed
the highest inhibition between all test dendrimers after 6 hours with 48.51%. On the other hand,
the first-generation G1-D3-Asp dendrimer showed the least anti-inflammatory impact as it
exhibited only 22.31% after 6 hours (Fig.4.10). By increasing the number of aspirin units in the
dendrimer from G1-D3-Asp to G2-D6-Asp, the inhibition percentage increased due to the doubled
number of aspirin units. When the drug-dendrimer complex enters the body, the hydrolytic
cleavage of the covalent bonds between the dendrimer and the drugs will happen chemically or
enzymatically, and the drug will be released.135,310,311
The rest of the tested dendrimers G3-D9-Asp and G4-D12-Asp displayed moderate antiinflammatory activity with percentage edema inhibition of 16.15% and 22.20% at 1 h and 38.60
and 27.52% at 6 h, respectively. The reason for the decreased efficiency of the higher generation
is the high molecular weight of these dendrimers that causes difficulty getting across the cell
membranes and therefore decreasing the bioavailability of the aspirin-based dendrimer complexes.
The gained data was compatible with the previous study that outlined that the anti-inflammatory
activity of the commercial drug ibuprofen was improved through the attachment to the second
generation organoiron dendrimer.135
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Figure 4.9. The effect of different treatments on carrageenan-induced paw edema volume at
different intervals. All data of the paw edema are represented as mean ± SD. Statistical significance
was measured at p < 0.05 based on a one-way analysis of variance ANOVA test followed by
Tukey’s test for multiple comparisons. b was significantly different from the control group at p <
0.05.
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Figure 4.10. The effect of different treatments on percentage inhibition of edema in carrageenaninduced paw edema.
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4.5.9.2 Determination of Rat Serum PGE2
Several studies reported PGE2 inhibition as one of the most effective methods for the treatment
of inflammation. A high level of the potent inflammatory mediator PGE2 is one of the
inflammation symptoms. Aspirin-based dendrimer complexes were evaluated for their in vivo
serum levels of PGE2. The ability of the dendrimers to inhibit PGE2 was evaluated by measuring
the rat serum concentration of PGE2 in blood samples collected after 6 hours from subcutaneous
carrageenan injection. Percentage PGE2 inhibition was calculated and illustrated in Table 4.5.
Results recorded that all tested four dendrimers provided a good reduction in serum PGE2 (%
inhibition = 35.23 − 64.83) comparable to the reference drug aspirin (% PGE2 inhibition = 72.40).
G2-D6-Asp was the most active complex in this assay with a PGE2 percentage inhibition of
64.83%; the same dendrimer was the most selective towards COX-1 and COX-2 inhibition
(Fig.4.11).
Table 4.5. In vivo study of rat serum PGE2.
Compound no.

PGE2
Mean serum concentration (Pg/ml)

Inhibition %

Normal

122.72 b ± 5.53

-

Control

293.68 ± 13.78

-

Aspirin

81.051 b ± 14.39

72.40

G1-D3-Asp

190.22 b ± 20.44

35.23

G2-D6-Asp

103.30 b ± 22.76

64.83

G3-D9-Asp

139.51 b ± 18.82

52.50

G4-D12-Asp

184.05 b ± 29.67

37.33

All data of the PGE2 concentration are represented as mean ± SD. Statistical significance was
measured at P <0.05 based on one-way analysis of variance ANOVA test followed by Tukey's test
for multiple comparisons. b significantly different from the control group at P<0.05.
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Figure 4.11. The effect of the tested dendrimers on serum levels of PGE2 in rats.

4.5.9.3 Evaluation of Gastrointestinal Toxicity of The Tested Dendrimers
The gastric mucosal damage was induced by aspirin, and the four tested aspirin-based
dendrimers with different damage scores and indexes. Histological examination of the gastric
mucosa was described by detecting the ulcer area (mm), ulcer scores, and ulcer indexes. As shown
in Table 4.6 and Figure 4.12, the synthesized dendrimers significantly decreased damage scores
and indexes compared with aspirin, meaning the organoiron dendrimers attached to aspirin are less
toxic than aspirin itself on the gastric mucosa. By studying Table 4.6, we found G1-D3-Asp and
G4-D12-Asp, had the least toxic effect on the gastric mucosa with ulcer area of 5.17 ± 1.13 and
7.58 ± 1.00, respectively and the least ulcer indexes (0.09 ± 0.02 and 0.13 ± 0.02) respectively
compared to aspirin with ulcer area of 86.91 ± 9.51 and ulcer index of 1.45 ± 0.16. These results
give hope for dendrimers to be used in oral drug delivery in the future. Many studies have provided
similar results, and using dendrimers has started to be approved as safer oral drug delivery.311 It
was found that charged cationic dendrimers commonly acted to reduce potential toxicity in the

144

gastrointestinal tract.311, 312 By attaching the drug to the surface of dendrimers, it is possible to
minimize toxicity and damage of the gastric mucosa while increasing efficiency.313

Table 4.6. Evaluation of the gastric mucosal lesions of the tested Aspirin-based dendrimers.
Compound no.

Gastric mucosal lesions
Ulcer area (mm)

Ulcer Score

Ulcer index

Normal

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

Aspirin

86.91 ± 9.51

5.00 ± 0.00

1.45a ± 0.16

G1-D3-Asp

5.17 ± 1.13

1.17 ± 0.41

0.09b ± 0.02

G2-D6-Asp

16.78 ± 2.71

3.17 ± 0.41

0.28ab ± 0.04

G3-D9-Asp

17.98 ± 0.93

3.00 ± 0.00

0.30ab ± 0.02

G4-D12-Asp

7.58 ± 1.00

2.00 ± 0.00

0.13ab ± 0.02

All data are represented as mean ± standard deviation. Statistical significance was considered at p
< 0.05 based on one-way analysis of variance ANOVA test followed by Tukey’s test for multiple
comparisons. a significantly different from normal at p < 0.05. b was significantly different from
the aspirin group at p < 0.05.
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Figure 4.12. The ulcer index of the tested dendrimer.
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G4

4.5.9.4 Histopathology Examination
Recently, many studies have reported the use of dendrimers as an oral drug delivery system due
to their ability to transfer through the epithelial layer of the stomach.314,315 In order to determine
their suitability for oral delivery, we studied the effect of all dendrimers in the gastrointestinal tract
compared to aspirin since anti-inflammatory drugs are the most common cause of gastric ulcers.315
Microscopic examination of a stomach tissue section from the aspirin group (Fig.4.13) revealed
serious histopathological alterations, and extensive mucosal damage was noticed with substantial
tissue loss. Severe hemorrhages were observed along with heavy inflammatory cell infiltration.
This is comparable with the previous studies, which confirmed that aspirin could induce gastric
ulcers by demonstrating the growth of gastric holes and sloughing of epithelial cells at the ulcerated
region into the gastric lumen. 314 Regarding group 1, G1-D3-Asp (Fig.4.14), the mild epithelial
loss was noticed with exaggerated mucus secretion that covered the denuded surface; also, an
intense inflammatory reaction was noticed at the deep mucosa. Some other sections showed
confined damage to lamina epithelial only. Gastric mucosa of group 2, G2-D6-Asp (Fig.4.15),
showed mild epithelial loss and degeneration in the gastric glands with the existence of some
cystically dilated glands, and some other sections appeared histologically normal. Group 3, G3D9-Asp (Fig.4.16), exhibited mild epithelial loss with congestion in the gastric mucosa, and a few
sections showed a mild inflammatory reaction. No histopathological alterations were observed in
group 4, G4-D12-Asp (Fig.4.17), and normal gastric mucosa was observed. Overall, our
dendrimers showed potential improvements in anti-inflammatory activity and minimizing
gastrointestinal toxicity. Regarding the histologic lesion score, a significantly higher epithelial
loss score (Fig.4.18) was detected in the aspirin group in comparison to the other experimental
groups. G1-D3-Asp to G4-D12-Asp showed a significant reduction in epithelial loss when
compared to the aspirin group, while the greatest decrease in epithelial loss was detected in G4146

D12-Asp. No statistically significant difference was recorded between the G2-D6-Asp and G3D9-Asp groups. Compared to the other groups, the aspirin group showed the highest hemorrhagic
scores (Fig.4.19). All other groups showed a significant decrease in the score of hemorrhage. G3D9-Asp and G4-D12-Asp showed a significant reduction in hemorrhage in comparison to the
aspirin group. No significant difference was observed between G1-D3-Asp and G2-D3-Asp or
between G2-D6-Asp and G3-D9-Asp. The inflammation score (Fig.4.20) also increased
significantly in the aspirin group. No significant difference was recorded between the aspirin and
the G1-D3-Asp group. G2-D6-Asp, G3-D9-Asp, and G4-D12-Asp showed a significant reduction
in the inflammation score. The least significant reduction was detected in G4-D12-Asp. In general,
the total histologic score (Fig.4.21) was increased significantly in the aspirin group in comparison
to the other groups. All aspirin-based dendrimer complexes showed a significant decrease in the
histologic score compared to the aspirin group. G4-D12-Asp scored the lowest value compared to
the other groups. No statistically significant difference was noted between G2-D6-Asp and G3D9-Asp.
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Figure 4.13. Photomicrograph of the stomach, aspirin group, showing extensive mucosal
damage, hemorrhage (arrow) (H&E).

Figure 4.14. Photomicrograph of the stomach, G1-D3-Asp, showing surface epithelial loss with
exaggerated mucous secretion (arrow) and mononuclear inflammatory cells infiltration (red arrow)
(H&E).
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Figure 4.15. Photomicrograph of stomach, G2-D6-Asp, showing mild degeneration in the gastric
glands (H&E).

Figure 4.16. Photomicrograph of the stomach, G3-D9-Asp showing mild epithelial loss (black
loss), congestion (red arrow), and mild inflammatory reaction (H&E).
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Figure 4.17. Photomicrograph of the stomach, G4-D12-Asp showing apparently normal gastric
mucosa (H&E).

Aspirin

G1

G2

G3

G4

Figure 4.18. epithelial loss score. Data were presented as means ± SE. Significance was considered
at p* ˂ 0.05, p**< 0.01, p***< 0.001, p****<0.0001.
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Figure 4.19. Hemorrhage score. Data were presented as means ± SE. Significance was considered
at p* ˂ 0.05, p**< 0.01, p***< 0.001, p****<0.0001.
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Figure 4.20. Inflammation score. Data were presented as means ± SE. Significance was considered
at p* ˂ 0.05, p**< 0.01, p***< 0.001, p****<0.0001.
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Figure 4.21. Total histologic score. Data were presented as means ± SE. Significance was
considered at p* ˂ 0.05, p**< 0.01, p***< 0.001, p****<0.0001.

152

Chapter Five: Conclusion and Future Work
The work reported in this thesis addressed the potential of organometallic dendrimers in three
significant applications, including the synthesis of nanocomposites, magnetic materials, and
biological derivatives. Different organometallic dendrimers containing iron moieties were
accomplished using well-established coupling reagents (DCC and DMAP). The prepared
dendrimers were designed using a Steglich esterification reaction interchangeably with
nucleophilic aromatic substitution reaction (SNAr). The optimum reaction time was determined to
be 48 hours to obtain high yields. The dendrimeric structure was characterized using NMR, IR,
and Elemental Analysis techniques.
Chapter Two discussed the design of new nanocomposites consisting of an organometallic
dendrimer and molybdenum disulfide (MoS2). Nine different concentrations of organometallic
dendrimers were intercalated into MoS2 layered to determine the upper limit and lower limit for
nanocomposites. The intercalation of the organometallic dendrimer into layered MoS2 was
confirmed mainly using XRD and was complete for most of the mole ratios, as no peaks
corresponding to LiMoS2 or MoS2 can be observed in the powder patterns. The developed
nanocomposites exhibited high crystallinity and showed an increase in d-spacing upon
intercalation of the dendrimer molecules. Agglomeration effects at high dendrimer concentration
were also observed. For example, the nanocomposite derived from a 1:0.5 ratio exhibited a
biphasic system due to dendrimer aggregation at high concentration, whereas at a 1:0.002 ratio, a
monophasic system was obtained due to lack of dendrimer aggregation. The ideal condition for
preparing a crystalline monophasic system is at low dendrimer concentration, no greater than
1:0.125 molar ratio of MoS2 to dendrimer and no lower than 1: 0.002 molar ratio, while biphasic
systems can be synthesized at molar ratio higher than a 1:0.125 of MoS2 to the dendrimer. The
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electrical conductivity of the prepared nanocomposites drops as the concentration of dendrimer
increases. Variable-temperature conductivity data for restacked (1T) MoS2 and MoS2-dendrimer
nanocomposites are consistent with a variable-range hopping model. Intercalation of
organometallic dendrimer into MoS2 allows trapping metallic species alongside the dendrimer into
the MoS2 layers via intercalation. Also, the internal cavities of dendrimers can trap different
biomolecules and metals, which open the door for advanced applications.
In Chapter Three, it was conclusively demonstrated that [η6-arene-η5-CpFe]+-derived
dendrimers are an important platform to generate ferromagnetic materials containing separate
TMP phases, as it permits functionalization with various ferromagnetic metals and the control of
the magnetism by dendritic effects. The ferromagnetism was tunable via increasing the generation
of the organometallic dendrimer or functionalizing the periphery with cobalt. Indeed, softness
increased as the generation increased. X-ray powder diffraction technique showed that the
heterometallic samples were more crystalline than homometallic samples. Electron microscopy
studies revealed that the homometallic samples were polycrystalline in nature for nearly
aggregated particles and single-crystalline diffraction was reflected for heterometallic magnetic
samples. Dendritic effects on ferromagnetism were observed with homometallic samples where
Hc and Ms decreased with increasing precursor generation. The incorporation of cobalt
nanoclusters in heterometallic samples has helped to enhance their magnetization susceptibility
significantly compared to homometallic samples. The data gained further shows that the
magnetism of the heterometallic particles was less susceptible to the influence of temperature
below RT than homometallic particles, which exhibit magnetic phase transitions at temperatures
around 200K that seems to be correlated with the presence of hexagonal structures of iron/cobalt
phosphides (2/1).
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In Chapter Four, a new family of organiron dendrimers, which contain biologically active
molecules, was successfully synthesized. The designed aspirin based-dendrimers were prepared
via nucleophilic aromatic substitution and Steglich esterification reaction. The biologically- active
molecules were exploited to synthesize the first aspirin-based macromolecular system containing
90 iron atoms. The development of a series of cationic organoiron dendrimers with aspirin units
was accomplished in good yield, and their structure was confirmed by 1H and 13C NMR, IR, and
Elemental analysis. The new complexes were synthesized via Steglich esterification under mild
reaction conditions. Electrochemical experiments were performed to investigate the redox
activities of all dendrimers at various temperatures. All cationic complexes were intrinsically
redox-active due to the presence of the [η6-Arene-η5-CpFe]+ complex, which was approved by CV
experiments. The antimicrobial activity of the developed aspirin-based organoiron dendrimers was
enhanced by increasing the generation of the dendrimers for most types of microorganisms. This
outcome is likely due to the increase in the total exogenous aspirin units of the dendrimer. The
fourth-generation G4 dendrimer showed notable antimicrobial activity, and its inhibition zone for
all Gram-positive and Gram-negative bacteria and fungus was higher than that of the standard
drugs. Increasing the dendrimer generations also resulted in an increase in efficacy against both
(Hep-G2) and (MCF-7) lines.
In addition, the presence of redox-active [η6-Arene-η5-CpFe]+ in the complex triggered
oxidative damage to microorganisms via the generation of reactive oxygen species (ROS). The
presence of ROS controls oxidative strain, a cellular protection plan used against a wide variety of
microbes. Therefore, increasing the number of the iron centers η6-arene–η5-cyclopentadienyliron
(II) complex through the dendritic branches improved the efficiency of the prepared complexes
against these tested types of bacteria and fungi. This redox cycle is responsible for the toxic
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capability of the iron center toward tumor cells, which is accomplished by the stimulation of
reactive oxygen species (ROS) formation. All aspirin-derived dendrimers reduced paw edema and
PGE-2 level; however, the second-generation G2-D6-Asp showed the most effective antiinflammatory effect among the tested dendrimer generations. Results of gastrointestinal toxicity
showed that the ulcer index was significantly diminished after coordination of aspirin with
dendrimers, with G1-D3-Asp displaying the least ulcer index followed by G4-D12-Asp. The
histopathology examination of the dissected stomach indicated that increasing the generation of
the dendrimer decreased the toxicity on stomach tissue, as demonstrated by reduced inflammation,
hemorrhage, and epithelial loss. From this study, it was noted that second-generation G2-D6-Asp
exhibited the best efficacy and least toxicity compared to other generations as it demonstrated
similar anti-inflammatory effect to aspirin but with less stomach toxicity.

Future Work
Even with the contributions of this research, gaps exist that require further investigation. First,
characterization of the organometallic dendrimers in this study was limited to 1H,

13

CNMR

spectroscopy, and elemental analyses. Attempts to determine the molecular weight of designed
dendrimers using different techniques such as electrospray ionization mass spectrometry and
Matrix-assisted laser desorption/ionization mass spectrometry failed because of the insolubility of
organometallic dendrimers in solvents that are compatible with the instrument and due to lack of
an appropriate matrix. It would be beneficial to determine molecular weight, obtainable from gel
permeation chromatography (GPC) or mass spectrometry (MS). Thus, future work, which may
require collaboration with analytical chemists, should involve the development of analytical
techniques for the characterization of the molecular weights of these organometallic dendrimers.
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To achieve this, MALDI-MS is desired, and a study can be directed at identifying an appropriate
matrix for MALDI-MS to characterize the organometallic dendrimers and other [η6-arene- η5CpFe]+-derived macromolecules.
In terms of nanocomposites, organometallic dendrimers with different end groups can be
intercalated into layered MoS2 to study the effect of terminal group on the intercalated
nanocomposites. Thermopower measurements can be studied for various nanocomposites. Using
these measurements, the electronics of the prepared materials could be studied and the
classification of these developed nanocomposites as either p-type or n-type semiconductors could
be confirmed, which are useful data when working in the field of electronics. Also, it would be
interesting to see if dendrimers can be intercalated into other TMDs in an attempt to produce more
novel nanocomposites. The encapsulated dendrimer could potentially be used as a delivery system
whereby materials that can not be intercalated into layered hosts can only be achieved via the use
of dendrimer as a delivery system.
It is clear that the magnetic materials derived from organometallic dendrimers were
ferromagnetic, and their magnetic property was influenced by their structure. Thus, it would be
necessary to examine other types of polymers, such as star and linear poly(aromatic ether)s
containing the [η6-arene-η5-CpFe]+ complexes in their backbone. In addition, the electronic
structure of such materials should be studied as well as their catalytic activity,which will be
usesfull in catalytic applications.
Also, it is fundamentally important to understand the killing kinetics of the biological activity
of these complexes via testing their oxidative stress. Moreover, of great interest is the mechanism
by which these organometallic dendrimers initiate the generation of free radicals. This knowledge
will offer a means to better control antimicrobial activity.
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Given that dendrimers are being explored in drug delivery, it is acceptable to position these
antimicrobial complexes as dual-functional materials, serving as drug delivery vectors and
antibacterial agents. These dual-functional substances will be useful in wound care, as the
antimicrobial complex inhibits and treats infections while an encapsulated analgesic can be
delivered for pain relief. Also of importance is the in vivo antimicrobial activity of the
organometallic dendrimers, which need to be demonstrated. The threat of resistance is not limited
to bacteria as it is also important to address drug resistance in tuberculosis, HIV and malaria,
which are recognized as serious threats. Thus, the study of the antiviral, antihelminthic,
antimalarial and tuberculosis properties of [η6-arene-η5-CpFe]+-derived macromolecules is
compelling for future research.
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Table 6.1: Refined lattice parameters for crystalline phases identified on XRD patterns of
magnetic homometallic samples.
Space

Chemical Name

Formula

-Iron Phosphide
(3/1)

Fe3P

I -4

Iron Phosphide (2/1)

Fe2P

P -6 2 m

Iron(III) Phosphide

FeP

Pnma

Iron BCC

Fe

I m -3 m

Fe3(PO4)2

P 21/c

Fe2(P2O7)

P 1

Triiron
Bis(phosphate(V))
Diiron
Diphosphate(V)

Group

a (Å)
 (º)

b (Å)
 (º)

c (Å)
 (º)

Reference

9.106(8)
90
5.866(5)
90
5.191(4)
90
2.866(2)
90
8.714(16)
90

9.106(8)
90
5.866(5)
90
3.098(3)
90
2.866(2)
90
11.175(19)
99.71(13)

4.460(4)
90
3.457(3)
120
5.790(5)
90
2.866(2)
90
6.248(12)
90

316

4.477(4)
103.52(5)

5.285(5)
98.32(4)

5.490(5)
98.37(4)

320

317
318
319

Table 6.2: Refined lattice parameters for crystalline phases identified on XRD patterns of
magnetic heterometallic samples.
Space

Chemical Name

Formula

Cobalt Phosphide
(2/1)

Co2P

Pnma

Iron FCC

Fe

F m -3 m

Cobalt FCC

Co

F m -3 m

Cobalt HCP

Co

P 63/m
mc

Iron BCC

Fe

I m -3 m

Cobalt Phosphide
(2/1) - Beta

Co2P

P -6 2 m

Group

a (Å)
 (º)

b (Å)
 (º)

c (Å)
 (º)

Reference

5.6815(3)
90
3.5685(1)
90
3.55715(8)
90
2.470(3)
90
2.8440(1)
90
5.7867(2)
90

3.5193(2)
90
3.5685(1)
90
3.55715(8)
90
2.470(3)
90
2.8440(1)
90
5.7867(2)
90

6.6086(4)
90
3.5685(1)
120
3.55715(8)
90
4.035(11)
120
2.8440(1)
90
3.4369(2)
120

321

172

322

Table 6.3: Show Crystal size in Å and Crystallinity of magnetic homometallic samples
Fe3P Fe2P FeP

Fe

Fe3(PO4)2 Fe2(P2O7) Crystallinilty

HOMO-G1

805

735

415

56

132

72.54%

HOMO-G2

367

370

513 319

67

132

65.54%

HOMO-G3

-

857

885

-

-

187

76.15%

HOMO-G4

-

518

621

-

-

129

80.10%

Table 6.4: Show Crystal size in Å and Crystallinity of magnetic heterometallic samples
Co2P

Fe-

Co-

Co-

Fe-

FCC

FCC

HCP

BCC

Co2P-β

Crystallinilty

HETERO-G1

376

417

417

-

220

254

75.92%

HETERO-G2

467

417

417

-

330

628

76.51%

HETERO-G3

367

273

713

232

256

-

75.30%

HETERO-G4

536

345

598

232

437

-

86.23%
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Figure 6.1. The whole pattern profile fit for the X-ray diffraction pattern of a)HOMO-G1, b)
HOMO-G2, c) HOMO-G3, and d) HOMO-G4 by means Rietveld method: observed (red points)
and calculated (black line). Positions of the Bragg reflections are depicted by green vertical bars
(arranged in rows for each phase), and the observed-calculated difference is shown by the blue line
at the bottom.
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Figure 6.2. The whole pattern profile fit for the X-ray diffraction pattern of a)HETER-G1, b)
HETERO-G2, c) HETERO-G3, and d) HETERO-G4 by means Rietveld method: observed (red
points) and calculated (black line). Positions of the Bragg reflections are depicted by green vertical
bars (arranged in rows for each phase), and the observed-calculated difference is shown by the
blue line at the bottom.
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Figure 6.3. (a)1H NMR and (b) 13C NMR spectra of organoiron dendrimer in acetone-d6
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Figure 6.4. (a) 1H NMR and (b)13C NMR spectra of complex 2 in DMSO-d6.
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Figure 6.5. (a) 1H NMR and (b)13C NMR spectra of G1-D2 in DMSO-d6.
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Figure 6.6. (a) 1H NMR and (b) 13C NMR spectra of G2-D3 in DMSO-d6.
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Figure 6.7. (a) 1H NMR and (b) 13C NMR spectra of G2-D4 in DMSO-d6.
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Figure 6.8. (a) 1HNMR and (b) 13C NMR spectra of G3-D5 in DMSO-d6

181

Figure 6.9. (a) 1HNMR and (b) 13C NMR spectra of dendrimer G3-D6 in DMSO-d6

182

Figure 6.10. (a) 1HNMR and (b) 13C NMR spectra of G4-D7 in DMSO-d6.
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Figure 6.11. (a) 1HNMR and (b) 13C NMR spectra of G4-D8 in DMSO-d6.
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Figure 6.12. (a) 1HNMR and (b) 13C NMR spectra of G5-D9 in DMSO-d6.
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Figure 6.13. (a) 1HNMR and (b)13CNMR of HETERODEN1 in DMSO-d6.
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Figure 6.14. (a) 1H NMR and (b)13CNMR spectra of G1-D3-Asp in DMSO-d6
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Figure 6.15. (a) 1H NMR and (b)13CNMR spectra of G2-D6-Asp in DMSO-d6
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Figure 6.16. (a) 1H NMR and (b)13CNMR spectra of G3-D9-Asp in DMSO-d6
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Figure 6.17. (a) 1H NMR and (b)13CNMR spectra of G4-D12-Asp in DMSO-d6
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