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Abstract 
The development of new hybrid organic-inorganic nanosystems is a cutting-edge field of 

research specifically for high potential biomedical applications. Specifically, the interaction 

between the organic ligands and the inorganic nanoparticles need to be specifically investigated 

and tailored in order to achieve stability and to impart specific properties to the nano-assemblies. 

Zirconia is a very interesting material for nano-technological applications, in particular for 

biomedical purposes due to its biocompatibility derived by a large inertness and high thermal, 

mechanical and chemical stability except at very high pH conditions. Similarly to silica NPs, 

ZrNPs are subjected to extensive study and functionalization to modify the surface properties of 

these materials. The surface chemistry on zirconia is not comparable to that of silica in particular 

due to the decreased chemical stability of the silane bond from Zr–O–Si–R with respect to Si–O–

Si–R. In fact, the organosilane chemistry for the functionalization of zirconia provides limited 

applications in this case. Because of this, one of the most common methods employed for 

zirconia functionalization is based on the deposition of a silica-coating layer to which it is 

possible a further silane application to tailor the surface properties of the NPs. It is worth to 

notice that the use of silane derivatives implies a condensation reaction with often release of 

alcohol or halides as by products. It is well known that zirconia, thanks to its surface structure, 

can efficiently interact with phosphate and phosphonate-based ligands, as evidenced also by the 

application of zirconia to remove phosphates from water. 

Bisphosphonic acids (BPs) are a well-known class of organic molecules that represents the 

typical scaffold present in the most common drugs to contrast osteoporosis and bone diseases. 

BPs can be prepared with a series of synthetic approaches involving. We considered the reaction 

of vinylidenebisphosphonate ester with nucleophiles through Michael or hetero-Michael as a 

versatile reaction enabling the preparation from a common scaffold of a wide range of possible 

BPs products starting from diethyl phosphite via formation of methylenebisphosphonate ester. In 

the present contribution we introduce a versatile approach for the modification of the surface 

properties of ZrNPs and to some extent also other metal oxide NPs, based on the employment of 

a family of BPs as derivatizing species. The latter organic molecules can be endowed with 

specific functional groups in the side chain such as amino, carboxylic acid, alcohol, alkene and 
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many others and their interaction with ZrNPs turned out to be very efficient, with high grafting 

density. The functionalization was obtained by simple mixing in aqueous solution the zirconia 

with the desired BPs under buffered conditions leading to a wide range of surface modified NPs 

with enhanced colloidal stability due to the presence of negative charges on the surface over a 

wide range of pH, as demonstrated by ζ-potential measurements. The modified nanoparticles 

were characterized by IR, TGA, XPS to investigate the grafting density and the loading of the 

bisphosphonic acid, TEM and SEM to investigate the size and morphologies of the nanoparticles 

and 31P and 1H Solid State NMR to investigate the coordination motif of the phosphonate units 

on the surface. All these analytical techniques demonstrated the strong affinity of the 

bisphosphonic moiety for the Zr(IV) metal centers. The bisphosphonic acid showed also efficient 

binding to other metal oxide nanoparticles such as Bi2O3, while interaction with SiO2 

nanoparticles was too weak due to the non-metallic character of the Si centers. The 

functionalization of metal oxide nanoparticles with bisphosphonic acids represents a 

straightforward covalent approach for derivatization that is complementary to the typical tris-

alkoxy-silane or trichloro-silane reagents largely employed for the functionalization of silica and 

metal oxide nanoparticles.  
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The woods are lovely, dark and deep, 

But I have promises to keep, 

And miles to go before I sleep, 

And miles to go before I sleep. 

By Robert Frost 
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 CHAPTER 1 

Introduction 

1.1 Background 
  

Nanoparticles (NPs) are attracting considerable interest in both research and application fields 

than the corresponding bulk materials because of their unique mechanical behavior, [1] phase 

transition temperature, [2] magnetic behavior, [3] electronic [4] or optical properties [5] and 

along with hydrodynamic properties of NPs suspended in solvents. Advanced functionalized 

Nanoparticles such as inorganic oxides with excellent properties have opened the door to various 

innovations in biology, chemistry, and physics, for example the latest developments can be found 

in chromatography, [6] sensing, [7] drug release, [8,9] and solar cells. [10,11] The surfaces of 

metal oxides NPs have the tendency to adsorb adventitious organic materials readily to lower the 

free energy of the interface between the metal oxide and the ambient environment, [12] which 

have a significant influence on the stability of nanostructures of metal oxides; the organic 

material can act as a physical or electrostatic barrier against aggregation. In the field of 

biomedical applications, NPs must be predictable and controllable and deliver the desired result 

with minimum cytotoxicity. [13] To meet these criteria careful tailoring of the surface properties 

of NPs to allowing stabilization, specific targeting and recognition of biochemical species is 

mandatory.  In vivo, NPs must avoid non -specific interactions with plasma proteins 

(opsonization) and either evade or allow uptake by the reticuloendothelial system (RES) 

depending on the application, to reach their intended target efficiently. They must also maintain 

colloidal stability under physiological conditions, preferably including a wide range of pH. NPs 

carrying a payload, such as drug molecules or DNA for gene therapy must avoid premature 

release. Chemical modification of the NP surface is necessary for specific interactions with 

biomolecules of interest. 

 

1.2 Oxide Nanoparticles 

1.2.1 ZrO2 Nanoparticles  

Zirconium oxide or zirconia (ZrO2) is an interesting, useful and resourceful metal oxide in many 

different application fields, thanks to its good mechanical, thermal, functional and sometimes 

unique properties. [14,15] This great versatility it comes from its different crystal modifications. 

From structural and crystallographic point of view, zirconia has three well-known polymorphs 

with stabilization thermal range: monoclinic (m) until 1170 ○C, tetragonal (t) from 1170 ○C to 

2370 ○C and cubic (c) from 2370 ○C until the melting point at 2680 ○C. At very high pressure 

other less studied phases (especially orthorhombic) could be obtained. Like Ti, Zr is protected by 

a thin passive layer of ZrO2 under atmospheric conditions. The oxide layer is virtually inert, it is 

stable in most acids and basic solutions. The bandgap of ZrO2 is 5 - 7 eV, [16] which means that 

the material shows rather insulating properties and light of lower wavelength is necessary for 

excitation compared to TiO2. These materials are commonly used as thermal barrier coatings 
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(TBCs), [17] dental and bone prostheses, [18,19] high resistance laminates,[20] solid oxide fuel 

cells (SOFCs), [21,22] gas sensors, [23,24] optical devices [25,26] and catalysts.[27]Zirconium 

oxide could be considered as one of the most fascinating oxide and it could offer some 

advantages, such as biocompatibility and chemical inertia, [28] interesting properties for in vivo 

biomedical application and drug loading process. 

 

                                                                  
Figure 1.1: Examples of zirconia engineering applications 

 

1.2.2 TiO2 Nanoparticles  
 

TiO2 NPs are the most studied metal oxide nanoparticles. [29] The most common crystal phases 

are anatase (tetragonal, a = b = 3.782 Å, c = 9.502 Å), rutile (tetragonal, a = b = 4.584 Å, c = 

2.953 Å) and brookite (orthorhombic, a =5.436 Å, b = 9.166 Å, c = 5.135 Å). [30]  

 

 
 
 
Figure 1.2: Scheme of photo-induced processes at a TiO2 semiconductor/electrolyte interface. Light (hv) 

excites a valence band electron to the conduction band. e- and h+ can react with the environment. 
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Acceptor (A) and donor (D) species are reduced and oxidized (= photocatalytic reactions). Competing 

with the reaction is recombination and trapping of electrons and holes (= reducing photocatalytic 

efficiency). The grey boxes give typical reactants and reaction products in photocatalytic reactions on 

TiO2 

These nanoparticles have a high refractive index (2.5 - 2.6) and widely used as pigments and 

fillers in paints, coatings, and in the paper industry. Unlike SiO2, TiO2 is a n-type semiconductor 

and has an indirect optical bandgap for anatase of 3.2 eV, for rutile of 3.0 eV, and amorphous 

material is reported to have a mobility gap of about 3.2–3.5 eV.[31] TiO2 anatase is used 

extensively as self-cleaning coatings, catalysis, optical industry, gas sensing.[29, 32] and used in 

energy conversion, for instance in dye-sensitized solar cells.[33] TiO2 is applied as 

photocatalyst, irradiation with UV- light is energetically suited to generate electron-hole pairs in 

the material. The band diagram of an illuminated semiconductor under irradiation is 

schematically shown in Figure 1.2 

 

1.2.3 SiO2 Nanoparticles  
 

Silica NPs are cheap, have a high hardness and good chemical stability. SiO2 NPs can be 

synthesized in aggregated powders form by precipitation methods and flame processes. In 1971, 

Ulrich reported a flame hydrolysis method to obtain SiO2 nanoparticles by combustion of SiCl4. 

[34] This high-temperature method leads to powder of aggregated SiO2 NPs of approximately 50 

nm. Precipitated silica is produced by precipitation from a solution containing silicate salts, for 

example, by addition of H2SO4. In case of colloidal dispersions form, sols of silica spherical NPs 

are generally synthesized by sol-gel process in basic medium or in reverse micro-emulsions.[35] 

In 1968, Stöber et al. proposed an innovative synthesis by a sol-gel route based on the hydrolysis 

and condensation of tetraethoxysilane (TEOS) in ethanol with ammonia as a catalyst.[36] This 

method leads to the formation of monodisperse and electrostatically stabilized silica particles 

with diameters ranging from 50 nm to 1 μm. Since the synthesis of the M41S family by 

templating techniques using surfactant micelles, [37] mesoporous silica has received much 

attention in diverse areas, such as catalysis, adsorption, separation, and chromatography. 

Controlling the ordered arrangement and apertures of mesopores has been investigated by 

changing the templates and preparation conditions. [37-42] 

 

1.2.4 Bi2O3 Nanoparticles  
Bismuth oxide (Bi2O3) is well-known for its optical and electrical properties such as dielectric 

permittivity, refractive index, large energy band gap, photoconductivity and photoluminescence.  

[43] The applicability of Bi2O3 extends from fireworks to oxygen gas sensors and solid oxide 

fuel cells [44-49]. Interest in Bi2O3 is also increasing because it shows similar properties as lead 

(II) oxide (PbO); namely, the ability to form transparent glasses with a high refractive index 

useful in optical telecommunication and processing devices [50,51] and in ecological lead-free 

glasses for several applications [52,53]. Furthermore, there is a recent great interest in the 
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properties of Bi2O3 at high temperatures and high pressures. Under these conditions phase 

transitions to various polymorphs, which are metastable at ambient conditions, have been 

observed and whose properties could be interesting for several applications. [54,55] Bi2O3 has 

five crystallographic polymorphs depending on temperature. At room temperature α-Bi2O3 has 

a monoclinic crystal structure (a complex structure with layers of oxygen atoms with layers of 

bismuth atoms between them and a δ-phase (cubic) and an ε- phase (triclinic). 

  

 

Figure 1.3: Bismuth oxide clusters 

β- Bi2O3 has a structure related to fluorite [56] whereas γ-Bi2O3 has a structure related to that 

of sillenite (Bi12SiO20) [57] and δ- Bi2O3 has a defective fluorite -type crystal structure in which 

two of the eight oxygen sites in the unit cell are vacant. [58] Among these phases, α- Bi2O3 and 

δ- Bi2O3 are the stable phases, while rest other phases are metastable. The δ- Bi2O3 is known for 

its high conductivity among all other phases, which make it best material in solid oxide fuel cell. 

Although its application as oxide ion conductor is limited, because it is only stable in the narrow 

temperature range. Recently, the stability of δ- Bi2O3 is reported to be increased by various kind 

of dopants such as Er2O3 and Y2O3 etc. Bi2O3 NPs can easily synthesize from a solution of 

bismuth nitrate pentahydrate in ethylene glycol by a hydrolysis solvothermal route at temperature 

of 120-150oC. Bi2O3 is an advanced functional material with potential applications such as 

electronic material, burning rate catalyst, photocatalytic decomposition material, optical material, 

medical composite material and anti-radiative material. Bi2O3 is used as an additive in paints. 

Bi2O3 also used as a composite in polymers, rubber, fireproofing papers, disinfectant and have 

applications in medicine and artificial bone imaging.  

 

1.3 Surface modification of Metal Oxides 
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There are many properties of a substrate that can be changed by modification of the surface with 

organic monolayers. While the ability to change surface, wetting is the property most widely 

studied, there are other key properties of inorganic materials that can be modified with organic 

monolayers, such as chemical functionality, electronic, and optical properties.  

There are many accounts in the literature where the surface energies of substrates have been 

modified by attaching organic monolayers. [59-61] One common theme is the control of 

hydrophobicity and hydrophilicity of a surface. [62, 63] For nanoparticle modification, organic 

monolayers can completely change the solubility properties of a given nanoparticle. [64] This 

can allow for previously water– insoluble particles to become completely soluble in aqueous 

conditions, (Fig. 4). Or, for larger particles, the ability to suspend them for long periods of time 

in various media is important for depositing homogeneous, well–dispersed films of these 

particles or for doing further chemistry. 

 

Figure 1.4: Illustration of how monolayers on nanoparticles can affect their compatibility with solvents. a) 

Loading of bare nanoparticles into a solvent where the nanoparticles settle after a specific period of time, 

and b) loading of monolayer protected nanoparticles into the same solvent where after the same amount of 

time the nanoparticles are still well–dispersed in solution. 

 

Moreover, the addition of a monolayer to a material can change that materials’ surface 

chemistry. It may be possible to enable new chemistry which previously would have been 

impossible by altering the chemistry on a surface. Many organic reactions, such as nucleophilic 

substitution, oxidation/reduction, and free radical halogenation can be performed on surfaces in a 

manner like the analogous bulk media. While in principle many different types of reactions can 

be performed on and off of surfaces, in practice most reactions are performed on monolayers 

with terminal carboxyl, amino, or hydroxyl groups, and are affected by the following factors:1 

solvent effects (the solvation of the functional groups on the monolayer can differ from that in 

the bulk), steric effects (the molecules in monolayers tend to have a particular orientation with 

respect to the surface and/or conformation and this may affect sterically demanding reactions), 

and electronic effects (close proximity of other functional groups may affect reactivity through 

field effects or hydrogen bonding). Progress is continually made in the field of monolayer 

science. Particularly, the use of metal oxides and surface modification, which can often be 
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inexpensive and nontoxic (though not true of ITO), in a variety of applications is becoming an 

important area of research and development. For example, the groups of Halik [66, 67] and 

Marks [68-70] have used monolayers of phosphonic acids and silanes, respectively, to 

significantly improve the properties, such as operating voltage and flexibility, of organic–based 

transistors. Schwartz and coworkers, at Princeton, have shown that coating titanium implant 

materials with monolayers of phosphonic acids can help their adhesion to biological tissue as 

well as increase bone–growth on their surface. [71, 72] 

 

Figure 1.5:  Schematic of an organic monolayer attached to a substrate, the various 

constituents of the monolayer, and the role that each constituent plays. [65] 

 

Monolayers have been used to significantly protect metals, such as iron, from corrosion. [73] 

Numerous groups have shown an ability to tune the electrodes of organic electronic devices by 

use of a monolayer, which have the potential to improve their transport properties. [74-77] 

 

1.3.1 Organosilane 

The most common approaches for functionalization of metal oxides either are chelation based, 

including the use of β-diketones, β-ketoesters, and carboxylic acids. [78, 79] A major approach 

for the surface functionalization of metal oxides use the covalent attachment of organic coupling 

molecules, which may form monolayers on the surfaces. Over the last few decades, 

organosilanes are the most widespread grafted molecules. The chemical formula of organosilanes 

is RnSiX(4-n) with n = 1, 2, or 3. R is an organic group linked to Si by a Si-C bond, which is 

stable toward hydrolysis, and X a hydrolysable organic group, in most cases ethoxy, methoxy, or 

chloro. These molecules can be grafted onto many oxide surfaces, for example, SiO2, Al2O3, and 

TiO2. The organosilanes can react with surface OH groups of the oxides via condensation 

reactions, resulting in the formation of a covalent bond between the coupling agent and oxide 

substrate. [80, 81] An example of an important coupling agent is 3-(trimethoxysilyl) propyl 

methacrylate (γ-MPS), [82] which is used in a variety of applications to promote the adhesion of 
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polymers to inorganic surfaces such as glass or metal oxide particles. However, the stabilization 

of R-SiX3 coupling molecules on metal oxide surfaces (ZrO2 and TiO2) is mainly caused by the 

lateral cross condensation of the silanes, providing Si-O-Si bonds by homocondensation, 

whereas modification with R3-SiX (hetercondensation-generation of Ti/Zr-O-Si bonds) results in 

less-stable layers, [83] due to the sensitivity of the Ti/Zr-O-Si bonds toward hydrolysis.[84]  

Heterocondensation: Si-OH + M-OH → Si-O-M + H2O 

Homocondensation: Si-OH + Si-OH → Si-O-Si + H2O 

The competition between these two reactions governs the nature and homogeneity of the grafted 

layer. It depends on the water content of the medium, the temperature and the nature of the oxide  

support. [85, 86] In absence of water, only partial monolayers are formed. A small amount of 

water is required to form a dense monolayer, which may be a polysiloxane layer linked to the 

surface by Si-O-M bonds. As the water content increases, homocondensation may lead to the 

formation of 3-dimensional polysiloxane layers, up to tens of nanometer thick. [87, 88].  

 
Figure 1.6: Schematic representation of the structure of organotrialkoxysilane layers for different 

water contents of the grafting medium. [88] 

 

Therefore, grafting is usually performed in organic medium with a strict control of the water 

content in the solvent and adsorbed onto the surface. In addition, most organosilanes are not 

water soluble. This, as well as the risk of anarchic homocondensation, makes the grafting of 

organosilanes in aqueous medium difficult. Because of decreased chemical stability of the silane 

bond from Si-O-Si-R ≥ Zr-O-Si-R > Ti-O-Si-R, the use of organosilanes for the functionalization 

of transition metal oxide provides limited applicability. [89] It is also important to note that 

surface modification by chloro- or alkoxysilanes leads to HCl or alcohol byproducts, which can 

alter the nanoparticle. For example, magnetic ferrite nanoparticles were found to disintegrate 

immediately because of the liberation of HCl, which is known to dissolve ferrite materials. 
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Another drawback to silanes is that to ensure their long–term integrity they need to be stored in 

anhydrous conditions as they may self–condense over time. 

 

1.3.2 Polymer 

Even though polymers can be used to improve the biocompatibility of the transition metal 

surface and to provide a wide range of functionalities for further modification, few publications  

 

Figure 1.7: Two ways in which polymers can be attached to a surface: b) ‘grafting to’ approach where 

already formed polymers are attached to the surface via some sort of crosslinking group; c) ‘grafting 

from’ approach where polymers are initiated at and grown from the surface. In a) the polymer is not 

chemically bound to the surface. Figure adapted from Dyer. 

 

have been made that report the bonding (physisorption) of a polycationic polymer onto a 

negatively charged titanium surface. [90] Beside such physical adsorption, there are different 

methods to covalently bind a polymer to a surface. For example, the “grafting onto” method 

requires a polymer with a special functionality to react with appropriate surface sites. So, this 

approach is restricted to tailored polymers. Furthermore, the layer thickness and grafting density 

are limited. [91] In the “grafting from” method, the polymer is directly grown from an initiator 

monolayer at the surface by a chain growth mechanism. In literature there are examples of 

grafting from using free radical, [92] controlled radical, [93] anionic, [94] cationic, [95] or 

transition metal catalyzed [96] polymerization from the surface. However, the initiator 

monolayer must be appropriate and requires extensive synthetic efforts. Encapsulation provides 

another way to obtain polymer-coated NPs. The monomers are adsorbed on the NPs surface, and 

then the polymerization takes place in the adsorbed layer, to finally form polymer-coated NPs. 
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However, this method has several drawbacks: depending on the experimental conditions, 

individual or multiple NPs can be covered by the same shell, and isolated polymer particles can 

be formed. [97] 

 

 

 

1.3.3 Organophosphate 

       (a) (Phosphonic Acids/ Ester) 

Since the late 1970s, organophosphorus acids such as phosphonic acids (PAs) and their 

derivatives (salts and esters) are widely used to control surface and interface properties, 

especially to modify metal oxide surfaces.[98] PAs are superior in many cases because 

homocondensation of P–OH and P–O-bonds does not occur at mild conditions and/or in aqueous 

conditions but  interact exclusively with surface hydroxyls or coordinatively unsaturated surface 

metal atoms of metal oxides such as TiO2,[99,100] ZrO2,[99] Ta2O5,[101] Y2O3,[102] 

Fe3O4,[103] lanthanide oxides,[104] and perowskites (BaTiO3) [105] to form P-O-M bonds. The 

fact that the quality of modification is independent of the amount of water present means that 

less stringent conditions need to be followed when using phosphonic acids with respect to 

silanes. The nature of the P-O-M bond can vary from an ionic to covalent character as a function 

of the nature and oxidation state of the metal ion and therefore influences the stability of the 

phosphonic acid attachment to the surface. In fact, very strong metal/phosphonate interaction are 

observed in the case of metal ions of high oxidation state (tetravalent and higher). This explains 

the increasing interest in surface/ interface modification by PAs, [106–109] which appear to be a 

valuable alternative to the commonly used organosulfur compounds (thiols, disulfides), [110] 

organosilicon compounds (e.g. trialkoxy- and trichlorosilanes) [111] or carboxylic acids. [112] 

Carboxylic acids have been used successfully to bind to different metal oxides, but usually 

through a variety of binding moieties, including as an uncoordinated anion, a monodentate 

ligand, a bidentate chelate or a bridging bidentate. [113] Despite the fact that high–coverage 

monolayers can be prepared utilizing carboxylic acids, the combination of binding modes and 

their relative weakness means that the monolayers are often not bound strongly to the surface 

and can be easily removed, sometimes by simple rinsing in solvents. [114] Additionally, the 

presence of additional polar sites on the carboxylic acid molecules can result in competition for 

surface sites, thus preventing well–organized, high coverage monolayers. [113] 

The hydrolytic stability of phosphonate monolayers is significantly higher than that of 

carboxylate monolayers, [115, 116] likely reflecting the higher covalent character of interfacial 

M–O–P bonds compared to M–O–C bonds and the higher denticity of phosphonate groups. The 

surface modification of titania films with dodecylphosphonate, mercaptosuccinic acid, and 

thioglycolic acid showed that monophosphonates bind very strongly to the surface, whereas the 

carboxylic compounds were quickly released upon a pH change. [117] The carbon-phosphorus 
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bond shows very high chemical stability, higher than silicon-carbon, and furthermore, provides 

the opportunity for a multitude of organic functionalities due to the versatility of phosphorus 

chemistry. [118] An example of the extraordinarily high hydrolytic stability (between pH 1 and 

pH 12) can be found for magnesia zirconia chromatographic separation phases. [119] The 

superior stability makes this class of materials very interesting for applications under very harsh 

conditions, for example, highly durable separation media for nuclear fuel reprocessing has 

recently been suggested. [120] Another reason for the high stability of these phases is the 

multiple tridentate bonding which was shown by 17O NMR. [121]. The hydrolytic stability of 

octadecyl PA monolayers on TiO2 or ZrO2 particles at pH values ranging from 1 to 10 was also 

found to be better (particularly at pH 1) than that of octadecylsilane monolayers, despite the 

numerous Si–O–Si bridges between the silane molecules which help increase the stability of 

these layers. [122] 

 

 (b) Bishosphonic Acids/ Ester (BPs) 

Even if, as reported above, phosphonic acids (PAs) have advantage over silanes for surface 

modification of versatile oxide nanoparticles. there is question as to the surface coverage that can 

be obtained with phosphonic acids. phosphonic acids (PAs) initially adsorb randomly on surface 

and consequently formed ordered monolayer with higher surface concentration whereas silanes 

show an insular growth with cross-linking of neighboring molecules. [123] The maximum 

surface coverage is limited by the amount of available adsorption sites (OH groups on the 

nanoparticle surface) i.e., the density of -OH groups determine the maximum number of 

adsorbates (PAs) since they do not form intramolecular bonds as like siloxanes. [124] 

Furthermore, a drawback of the use of PAs is the possible dissolution-precipitation of the metal 

oxide with the phosphonic acid. This reaction leads to the formation of a crystalline phase of 

metal phosphonate (fig. 8). The competition between surface modification and dissolution–

precipitation has been evidenced for high surface area metal oxide substrates (nanoparticles), 

even for a highly stable oxide such as titania. [125] However, dissolution–precipitation can be in 

most cases avoided by carefully choosing the reaction conditions. [125, 126] 
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Figure 1.8: Competition between surface modification and dissolution-precipitation of a phosphonic 

acid with a metal oxide surface depending on the experimental conditions. [88] 

 

The stability of PA monolayer under physiological conditions is a controversial issue. Mani et al. 

reported that dodecylphosphonic acid monolayer deposited from aqueous solutions and simply 

rinsed with water (without any thermal annealing) exhibited poor stability in Tris-buffered saline 

at 37 °C compared to dodecylthiol monolayer on Au or dodecyltrichlorosilane monolayer on Ti. 

[127] Conversely, Bhure et al. found that octadecylphosphonic acid deposited on Cr–Co alloy 

from THF solutions at 35 °C were strongly bound to the surface and were not significantly 

desorbed after 14 days in a phosphate buffered saline (PBS) solution (pH 7.4) at 35 °C.102 

Similarly, Jo et al. [128 ] praised the robustness of long chain (C11) carboxy-terminated PA  on 

ITO in pure water, under ambient air conditions and in PBS solution. 

Based on the above results, to optimize the stability of functionalized nanoparticle in 

physiological environment we can introduce multiple metal-Oxygen-phosphorus bonds using a 

bisphosphonic acid that can contribute both phosphonic acid groups results in a durable 

functionalization. Recent works suggest that the use of gem-bisphosphonate anchors can lead to 

particularly stable bonding to the surface. [129–132] The surface modification of stainless steel 

with 1,1-bisphosphonic acid was found to be stable for months in ultrapure water at 50 °C and 

were not significantly degraded after 3 h in PBS solutions of pH 1–12. [129] The stability of 

films anchored by bisphosphonate molecules could be ascribed to the formation of multilayers 

that resisted desorption even in the presence of phosphate ions. [133] Although, gem-

bisphosphonic acids (BPs) and phosphonates have similar chemical reactivity but show major 

differences. The bis-phosphonic group increases the affinity for oxidized surfaces [134,135] 

compared to mono-phosphonates [136] and increases the polarity of the molecule, probably by 

increasing aqueous solubility. Mono-phosphonates/ phosphates can form SAMs on titanium but 

can’t form on silicon when dissolved in water. [137] Comparatively, BP allows easy aqueous 

deposition of monolayers on various materials [138] when mono-phosphonic acid is mostly 

deposited in an organic medium. [139-141]  

 

1.4 Application of Bis-phosphonic Acid (BPs) 

1.4.1 Bone Tissue 

Bone is a complex connective tissue that performs many roles in the body such as structural 

support and movement, protection for vital organs, and mineral storage, and provide the site for 

blood cell production as bone marrow houses hematopoietic cells generating red blood cells, 

leukocytes, and platelets. Macroscopically, bone can be divided into two part: an inner part 

(trabecular, cancellous or spongy bone) and an outer part called cortical or compact bone, which 

makes about 80% of the total weight of the skeleton. Microscopically, cortical and spongy bone 

in the adult skeleton are made of well-ordered parallel collagen fibers, organized in a lamellar 

pattern made of bone structural units (BSUs). [142] In cortical bone called osteons i.e. cylinders 
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made of concentric lamellae where in the center there is a canal of nutrient blood vessels. Bone 

tissue is a dynamic tissue as it is continuously remodeled through anabolic and catabolic 

processes that allow it to adapt during the life of the body. It made up of different type of bone 

cell such as osteoblasts, osteocytes and osteoclasts. They are dispersed in an extracellular matrix 

of protein nature composed in turn by a component of organic nature (~ 30% of dry weight of 

which 90% of collagen and glycoproteins) and a mineral component of impure hydroxyapatite 

(60% of dry weight). 

 

 

 

Figure 1.9: Bone Morphology  

 

Bone is not uniformly solid but consist of flexible matrix. The matrix is hardened by the binding 

of crystal lattice of biological hydroxyapatite (HAP), of formula Ca10(PO4)6(OH)2, presents 

many elements different from calcium and the anionic H2PO4
- unit, for example magnesium, 

fluorine, sodium, strontium and carbonate ion. These elements cause a reduction in the 

crystallinity of the HAP and are present internally to the crystal lattice or externally absorbed on 

the surface of the crystals [143]. The HAP crystals have the form of thin prisms with a hexagonal 

section with a thickness of 2-3nm and a variable length from 20 to 50nm (Figure. 1.9). 
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1.4.2 Bone Modeling and Remodeling Process  

 
Bone remodeling is a highly complex biological process by which old bone is replaced by new 

bone to repair any microfractures present in the tissue and to ensure optimal adaptation structural 

structure of the organism. This cyclic process comprised of three phases: (1) initiation of bone 

resorption by osteoclasts, (2) the transition or reversal period from resorption to new bone 

formation, and (3) the bone formation by osteoblasts [144, 145]. It occurs due to coordinated 

actions of osteoclasts, osteoblasts, osteocytes, and bone lining cells which together form the 

temporary anatomical structure called basic multicellular unit (BMU) [146–148]. This process is 

controlled by local (e.g., growth factors and cytokines) and systemic (e.g., calcitonin and 

estrogens) factors that all together contribute for bone homeostasis. The osteoblasts (Figure.11.1, 

a) are cuboidal cells located along the bone surface comprising 4–6% of the total cells in the 

tissue. [149] They obtain from the differentiation of mesenchymal stem cells (MSC) 

consequently to the action of some transcription factors (intracellular proteins) and to the 

subsequent activation or inhibition of certain genes. The synthesis of bone matrix by osteoblasts 

derives from deposition of organic matrix which secrete mainly type I collagen proteins and its 

subsequent mineralization into two phases: vesicular and fibrillar. [150,151] At the end of the 

tissue remodeling process, some osteoblasts are incorporated into the bone matrix. becoming 

osteocytes (a structural and morphological change of the cell follows).  

 

Figure 1.10: Schematic representation of the formation of osteoblasts and osteocytes 

The osteocytes (Figure.1.11, b) comprise 90-95% of the total bone cells and derive from the 

osteoblastic differentiation of the MSC. This type of cell is of major importance in the initiation 

of the remodeling mechanism: the formation of micro-fractures in the bone tissue determines the 

osteocytic apoptosis and the subsequent expression of some osteoclastogenesis activators 
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(development of the osteoclasts) necessary for the resorption of the damaged bone and the 

consequent formation of the new tissue [152] (Figure. 1.10). Osteoclasts (Figure.1.11, c), are 

terminally differentiated multinucleated cells originated from hematopoietic stem cells of the 

myeloid lineage (HSC) under the influence of numerous stimulating factors produced by 

osteoblasts and osteocytes. The mononuclear progenitor cells, originating from HSC, can 

differentiate into macrophages, dendritic cells of the immune system or osteoclasts, the latter 

deriving from their fusion. They are the only cells in nature that can degrade mineralized bone 

tissue and actively intervene in calcium homeostasis [153]. Moreover, osteocytes produce factors 

that influence osteoblast and osteoclast activities, whereas osteocyte apoptosis is followed by 

osteoclastic bone resorption. 

 
 

Figure 1.11: Electronic scanning microscopy showing (a) Osteoblasts, (b) Osteocytes, (c) Osteoclasts. 

The balance between bone resorption and formation depends on signals from cytokines, 

hormones, chemokines, and mechanostimulation, and resorption by osteoclasts is essential for 

maintenance of normal bone density, trabeculae in spongy bone, and release of minerals. An 

imbalance in these processes results in degenerative bone diseases osteoporosis, which is 

predicted to affect 61 million men and women by 2020 [154] 

 

1.4.3 Osteoporosis: treatment of bone disease 

 
Osteoporosis is a disease characterized by decreased bone mass with the consequent increase in 

skeletal fragility. In fact, the loss of bone tissue can alter its architecture leading to a 

microstructural deterioration and the subsequent risk of fractures. [155] Since bone tissue is 

subjected to a continuous remodeling process, an imbalance may occur in this mechanism with 

increasing the age of subject which leading to a greater resorption of the tissue or a minor 

osteogenesis, causing a sharp bone loss. Annually, osteoporosis is responsible for more than 8.9 

million fracture cases, accounting for an osteoporotic fracture every 3 s. There are two kind of 

osteoporosis: primary and secondary. Primary osteoporosis is due to two separate entities, one is 

“Type I osteoporosis” to signify a loss of trabecular bone (mainly involves cancellous bone) that 

related to lack of endogenous estrogen and is a rapid bone loss of variable intensity after the 

menopause, and other “Type II osteoporosis” to represent a loss of cortical and trabecular bone 
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in men and women as the result of age-related bone loss. [156] 

“Type II osteoporosis” reflects the composite influences of long-

term remodeling inefficiency, intestinal mineral absorption, renal 

mineral handling, adequacy of dietary calcium and vitamin D and 

parathyroid hormone (PTH) secretion. Secondary osteoporosis 

depends on other diseases such as hypogonadism, malignant 

diseases, liver diseases or immobilization. Bone mineral density 

(BMD) is the amount of bone mineral in bone tissue and this index 

depends on the age, genetic, physical, hormonal and nutritional 

factors acting alone or in concert to diminish skeletal integrity and 

is used to check and evaluate the amount of mineral material 

present in the bones. Through an osteodensitometry (DXA) 

analysis, if there are T-scores (number of standard deviations 

above or below the average for a healthy adult of thirty years of the 

same sex and ethnicity of the patient) above 2, 5, the 

subject is affected by osteoporosis. If this index is lower 

than 2.5, osteopathy is diagnosed (reduction of mineral 

density below normal values) [157]  Following 

numerous studies, together with genetic and biochemical factors, hormones like estrogens and 

testosterone seem to be the determining characteristics correlating the onset of osteoporotic 

pathologies in the female gender after the onset of menopause. In fact, estrogens inhibit the 

apoptosis of osteoblasts and osteocytes by inducing it in osteoclasts [154]. Treatment of 

osteoporosis favors the use of anti-resorptive agents (includes estrogens, selective estrogen 

receptor modulators SERMs, denosumab and bisphosphonates.) and osteoanabolic agents 

(parathyroid hormone PTH. Although, estrogens decrease tissue resorption, is not applied for 

long-term treatment because it is related to breast cancer side effect. [158] Oestrogens / SERMs 

that function as hormones / hormone analogs   by binding to cell receptors to express their 

pharmacological functions whereas bisphosphonates are chemically stable molecules with a 

structure like pyrophosphates with a high affinity towards hydroxyapatite. This characteristic 

allows bisphosphonates used as most widely administered therapeutic agents with increasing 

bone resorption associated with osteoclastic activity, as well as osteoporosis, Paget and 

metastatic bone diseases. [159,160] Bisphosphonates disrupt bone resorption and lead to 

osteoclasts death, thereby reducing loss of bone mass. [161] 

 

1.4.4 Drug targeting: Mechanism of action of Bisphosphonate  

An ideal bone-targeting therapeutic agent will have specific targeting of bone mineral or bone 

localized cells, stable to systemic exposure during the time prior to bone binding, labile enough 

to release its drug payloads at times after its bone localization, efficacy at the bone lesion is 

achieved with very limited systemic exposure, and healthy tissue including bone is not adversely 

 

Figure 1.12: T-score scale and relative 

representation of bone density 
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affected. In this way, the therapeutic efficacy is increased by allowing administrations with lower 

dosages and a decrease in unwanted side effects. In 1960, following studies on the physiological 

role of pyrophosphate (inhibit the crystallization of calcium salts) (Figure. 1.13) within the body, 

a new class of drugs was developed specifically for the treatment of bone dysfunctions: 

bisphosphonates (BPs). 

 

 
Figure 1.13: Pyropshosphoric acid (a) a generic structure of a bis-phosphonic acid (b) and (c) 

Bisphosphonates bind bone via chelation of calcium ions. 

 
Inorganic pyrophosphate consists of two phosphate groups linked by an oxygen atom (P-O-P 

structure), while bisphosphonates distinguished by a P-C-P bond covalently attached two side 

chains, R1 and R2, the central oxygen atom being substituted by a carbon atom [162,163] The P-

C-P configuration of bisphosphonates confers a resistance to chemical and enzymatic hydrolysis, 

resulting in a stable molecule that is absorbable when taken orally and not metabolized. The P-C-

P structure allows a great number of possible variations, either by changing the two lateral chains 

on the carbon atom or by esterifying the phosphate groups. Nine BPs are commercially available 

and part of these are sold in their bis-phosphonic acid salt form [164]; modifications to one of the 

phosphonate groups can dramatically reduce the affinity of the BP for bone mineral [165] as well 

as the biochemical potency. [166] The R1 and R2 side-chains attached to the carbon atom are 

responsible for the large range of activity observed among the BPs.  

When the hydroxyl (OH) or amino (NH2) groups are present as substituents to R1, they enhance 

the bone binding properties of bisphosphonates through tridentate binding to calcium, while the 

major function of R2 is to influence bisphosphonates’ antiresorptive potency [167]. It is worthy 

to note that though the hydroxyl and phosphate groups are significantly responsible for the 

bisphosphonates’ attraction for the bone matrix, however, the final structural moiety (in the R2 

position) which bounds to the carbon at the center mainly determines the efficacy of BPs to 

inhibit bone resorption [168]. The relationship between biological activity, the chemical structure 

of bisphosphonates and their ability to inhibit bone resorption by intervening in bone-related 

biological mechanisms has only recently been identified.  
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Figure 1.14: Mechanism of inhibition of FPPS and GGPPS due to Bisphosphonates 

Functionality (HO)2-(O) P-C-P(O)-(OH)2 is responsible for the chelation of calcium ions present 

in the HAP lattice and allows these molecules to express preferential targeting of tissues bone. In 

addition to the chelating capacity against the Ca2+ ions constituting hydroxyapatite, new studies 

have shown an anti-resorbing effect of bisphosphonates on osteoclasts determined by inhibition 

of the enzyme Farnesil Pyrophosphate Synthase (FPPS), a cardinal enzyme in the metabolic 

pathway of mevalonic acid (they inhibit the synthesis of farnesyl pyrophosphate from geranyl 

pyrophosphate and isopentenyl pyrophosphate, (Figure.1.14). FPPS allows the formation of 

terpenic lipids used for the synthesis of sterols and for post-modification translation of the GTP-

proteins (protein sub-units bound to the guanosintrifosfate), molecules essential to osteoclasts in 

carrying out their resorptive function. During bone resorption, osteoclasts, by modifying the pH 

in contact with the bone, determine the hydrolysis of the inorganic matrix and the dissociation of 

the BPs from the mineral surface. Due to their ability to acidify the bone surface, only these cells 

together with macrophages can absorb substantial amounts of BPs. Through exocytosis, the 

bisphosphonates complexed with Ca2+ ions enter the osteoclasts and begin to perform their 

enzymatic inhibitory function [169].  
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Figure 1.15: structure/activity relationship of BPs that target FPPS and GGPPS. 

 

The overall pharmacological effects of these molecules seem to depend mainly on the two 

properties mentioned above, namely the affinity for the bone mineral and the inhibitory character 

on the osteoclasts. The relative contributions of these properties differ from one molecular 

structure to another allowing their use in the treatment of different diseases related to the skeletal 

system such as bone tumors, Paget's disease and osteoporosis. [170] BPs act on the osteoclast 

cells by two different mechanism, depending on the category whether it is nitrogen containing or 

not. Various types of bisphosphonates have unique antiresorptive potency and binding affinities. 

BPs containing nitrogen atoms or nitrogen heterocyclic substituents are very potent however 

intensity of the effect is also dependent on the aliphatic side chain and a three-dimensional 

structural requirement appears to be involved. It is worth to notice that Zhang et al reported that 

novel lipophilic pyridinium bisphosphonates (Figure.1.15) are approximately 250 times more 

effective than any other bisphosphonate drugs. [171] 

1.4.5 Systems used for delivery of Bisphosphonates (BPs) 

 
The exceptional affinity of BPs towards hydroxyapatite has been used for the transport of 

numerous types of drugs in bone tissues, employing BPs as building blocks of numerous specific 

vectors and for the diagnosis of numerous bone diseases. BPs effectively inhibit bone resorption 

by ostroclasts [172–175]. As a result, the drugs have found a wide range of medical applications 

which include their uses in the treatment of Paget’s disease, osteoporosis prevention and 

treatment, hypercalcaemia or non-hypercalcemia related bone metastasis, primary 



19 
 

hyperparathyroidism, multiple myeloma, osteogenesis imperfecta, fibrous dysplasia and other 

bone conditions characterized by bone frailty [176–178]. The combination of BPs with some 

anticancer drugs is aimed at concentrating the antineoplastic activity of therapeutic agents in the 

bones following a systemic administration, avoiding the non-skeletal tissues and the subsequent 

unwanted side effects (Figure.1.16,1). Molecules such as BP-DTPA (diethylene triamino 

pentaacetic acid, Figure 1.16,2) also used in anticancer therapies are able to carry radioisotopes 

such as 153Sm, 186Re and 188Re. The BPs, together with the drugs connected to them, have a 

direct effect on the cancer cells, causing them to apoptosis and inhibiting their activity. 

Antibacterial agents conjugated to BPs, such as ciprofloxacin (Figure 1.16,3) are used in the 

treatment of osteomyelitis. The BPs can also act as resorbing agents by inhibiting the 

catalytically active sites of some enzymes present in the osteoclasts and transmitting in them 

molecules with the same effect as the estrogens and the SERMs (Figure 1.16.4).  

 

Figure 1.16: Chemical structure of some specific therapeutic agents: (1) 1-aminomethylene 

1,1bisphosphonate with 5-fluorouracil; (2) BP-DTPA; (3) BP-ciprofloxacin; (4) BP-raloxifene (SERM). 

However, despite their pharmaceutical efficacy, BPs suffer from a few drawbacks which include: 

poor oral bioavailability (1%–3%) [179–181], side effects of acute gastro-intestinal conditions 

such as gastric ulceration, dysphagia and esophagitis [182, 183]. To enhance the bioavailability 

of BPs, several efforts have been made, for example, improvements in the design of drug 

delivery systems, use of absorption enhancers and structural modification of the drugs [184–

188]. On the other hand, infected site targeting controlled release of BPs has the capacity to 

enhance effectiveness of drugs and minimize the associated side effects [189–192]. Therefore, 

BPs have an important function of drug-delivery-system (DDS) within the organism, effectively 

addressing therapeutic agents on bone tissues [193]. Ideal properties of a drug delivery system 

should include timely release and good control rate of drugs at the required sites through the 

physical and chemical characteristics of the carriers. Numerous delivery systems for 

bisphosphonates have been explored [194–201]. In order to improve the bioavailability of the 

drugs administered and to decrease (or avoid) the side effects associated with them, new types of 
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DDS have been studied and developed, in which the BPs are no longer carriers but are conveyed 

through biological matrices, organic or inorganic. Depending on the type of support used, it will 

be possible to modulate the release speed of the active ingredient by acting on the chemical and 

physical characteristics of the carrier. The main strategies and techniques of administration 

studied today see the use of nanocapsules, copolymers, hydrogels, bioceramics, carbon 

nanotubes, fullerenes, liposomes, micelles and nanoparticles (NPs) of metal and non-metallic 

oxides [194, 202–209].  

 

Figure 1.17: Schematic of bone-targeting bisphosphonate conjugates and effects of bisphosphonates. 

Bisphosphonates alone inhibit osteoclasts, bind hydroxyapatite crystal structure, and negatively affect 

neoplasms. The addition of a conjugated drug may increase the efficacy of these functions or add further 

modes of action. This representation does not encompass all functions of bisphosphonates or conjugated 

moieties. [210] 

Although the above-mentioned delivery systems have been reported to be useful for the delivery 

of bisphosphonates and other bioactive agents, they also suffer from some limitations. The 

conjugation of alendronate through the amines group to other drugs to form hybrid compounds 

compromises the therapeutic efficacy of the bisphosphonates. Also, the conjugation of 

chemotherapeutic agents with bisphosphonates for enhanced selectivity towards bone metastases 

tumors resulted in compounds that did not exhibit antitumor effects [211, 212], polymer-drug 

conjugates systems suffer from slow release of the drug, low drug loading that can reduce the 

therapeutic efficacy of the incorporated drugs and inability to control the polymer synthesis 

resulting in low yield [213, 214]. The application of liposomes for the encapsulation of bioactive 

agents is usually associated with low degrees of drug encapsulation and uncontrolled rates of 

drug release. However, the nanoparticles (NPs) of metal and non-metallic oxides are of high 

importance in pharmaceutical dosages on a nanometric scale: the therapeutic applications of NPs 

are in fact numerous, mainly comprising the diagnostic sector and the selective targeting of 

certain pathologies. [215]  

 

1.5 Nanoparticles in the Biomedical Application  
 

The novel drug-delivery systems would offer protection and improve the pharmacokinetics of 

easily degradable peptides and proteins that often have short half-lives in vivo. [216, 217] 
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Therefore, the development of techniques that could selectively deliver drugs to the pathological 

sites is currently one of the most important areas of drug research. The emergence of 

nanotechnology is likely to have a significant impact on the drug-delivery sector and 

nanoparticles (NPs) are at the leading edge, with many potential applications in clinical medicine 

and research. [218] A safe and targeted drug delivery could improve the performance of some 

classical medicines and moreover, will have implications for the development and success of 

new therapeutic strategies. In the last decade, several drug-delivery technologies have emerged, 

and a fascinating part of this field is the development of nanoscale drug delivery devices. The 

main interest in the use of NPs in the medical field is due to the ability to absorb and transport 

many classes of molecules defined by the high surface-to-mass ratio and their quantum 

properties. The nanoparticles are characterized by a diameter ranging from 10 to 100nm and can 

be formulated with different materials and structures functional to the type of application [219]. 

Although the definition identifies nanoparticles as having dimensions below 100 nm, especially 

in drug delivery relatively large (size>100 nm) nanoparticles may be needed for loading a 

sufficient amount of drug onto the particles. Recent advances in biotechnology and related areas 

are aiding the discovery and rational design of many new classes of drugs, however most of them 

are limited by their poor solubility, high toxicity, high dosage, aggregation due to poor solubility, 

nonspecific delivery, in vivo degradation and short circulating half-lives. The encapsulation or 

absorption of drugs and macromolecules on NPs has the main purpose of increasing their 

therapeutic index and bioavailability, decreasing their toxicity towards other organs and their 

side effects. Moreover, NPs increase the aqueous solubility of the drug, protect the drug from 

degradation, produce a prolonged release of the drug, improve the bioavailability, provide a 

targeted delivery, decrease the toxic side effects of the drug, offer appropriate form for all routes 

of administration and allow rapid-formulation development. Drugs can be loaded onto NPs by 

various methods, such as encapsulation, surface attachment or entrapment. NPs, in addition to 

acting within the blood flow, thanks to their small size can penetrate cell membranes by releasing 

the therapeutic agents in tissues and cells in a controlled manner, thus providing specific and 

targeted therapies [220]. Therefore, the unwanted side effects and the toxicity of the therapeutic 

agents reduced, and the therapeutic efficacy is enhanced. Furthermore, they can carry useful 

contrast agents in non-invasive diagnostic investigations such as positron emission tomography 

(PET) and computed tomography (CT) (Fig.18). In order to design specific and targeted 

nanoparticle structures, some characteristics such as the loading and molecular delivery kinetics 

within NPs, the stability of these molecules in the vector, the biocompatibility of NPs and the 

biodistribution within the organism (if the possible elimination of residual material is used only 

as a vector). The aims for nanoparticle entrapment of drugs are either enhanced delivery to, or 

uptake by, target cell and/or a reduction in the toxicity of the free drug to non-target organs. Both 

situations will result in an increase of therapeutic index, the margin between the doses resulting 

in a therapeutic efficacy and toxicity to other organ systems. For these aims, creation of long-

lived and target-specific nanoparticles is needed. 
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Figure 1.18 (A) Laser scanning confocal microscopy of an osteoclast of animal origin (rabbit) to 

which a fluorescent BP (green) has been added; (B) PET sections of three mouse specimens 

following the administration of 68Ga-DOTA-ZrNPs: the clear section indicates a higher 

concentration of radioisotope in the liver and spleen. 

Biocompatibility is extremely important because the NPs must be able to integrate with the 

biological system without eliciting any immune response: the eventual activation would result in 

an inflammatory reaction by the body with the consequent inactivation of the nanoparticles 

through phagocytosis. The undesirable effects caused by NPs depend mainly on their shape, the 

hydrodynamic radius, the amount administered, the residence time, the surface chemical 

properties (charge) and the material they are made of [221]. The main materials of biological 

origin used in the synthesis of NPs are chitosan, phospholipids, lipids, lactic acid and dextran 

while for the formulation of inorganic NPs metals (Au, Fe, Ag), metalloids (Si) are used. and 

transition metals (Zr, Ti) [18]. Typically, the drugs are loaded onto inorganic supports having 

high surface area values and interact with them through weak non-covalent interactions such as 

hydrogen bonds, electrostatic interactions, and physical absorption. Variations of some 

parameters of the physiological environment such as pH, temperature or the intervention of some 

specific enzymes can cause the breakdown of the weak links between drug and support 

characterizing the release of these molecules within the organism [222].  

The therapeutic applications of NPs are diverse, ranging from cancer therapeutics, antimicrobial 

actions, vaccine delivery, gene delivery and site-specific targeting to avoid the undesirable side 

effects of the current therapeutics. Many chemotherapeutic drugs such as carboplatin, paclitaxel, 

doxorubicin and etoposide, etc., have been successfully loaded onto NPs and these 

nanoparticulate systems are very potent against various cancers. In addition, multifunctional NPs 

with surface functionalized biomolecules are also being synthesized and serve as potential 

therapeutic agents. The ability to track and image the fate of any nanomedicine from the 

systemic to the subcellular level becomes essential. NPs can be successfully exploited to improve 

the utility of fluorescent markers for medical imaging and diagnostic purposes. While various 

fluorescent markers are widely used in research and clinical diagnostic applications, current 

techniques have several disadvantages, such as the requirement of color-matched lasers, 
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fluorescence bleaching and lack of discriminatory capacity of multiple dyes, etc. Fluorescent 

NPs can greatly overcome these problems and a major advance toward clinical applicability is 

the use of NPs to image tumors and other diseases in vivo. 

 

1.5.1 Zirconium Oxide: a new frontier of Inorganic Biomaterials 

From last decade, the formulation of inorganic supports with applications in the clinical field has 

seen the prevalent use of silica-based materials. However, due to the narrow chemical and 

physical stability of such materials, transition metals have been developed such as titania, 

bismuth and zirconia (titanium oxides, bismuth oxide and zirconium oxide, respectively) having 

great technological potential, outstanding mechanical, chemical, optical, and electrical properties 

[223] Among those mentioned, ZrO2 superior in terms of mechanical performance (strength, 

toughness, fatigue resistance) when compared to other materials, that make the zirconium-

derived materials of great interest in the formulation of NPs and biomedical ceramics. Zirconia 

(ZrO2) has mechanical properties comparable to stainless steel. [224, 225] Zirconia could 

stabilize in tetragonal metastable phase when cooling down the material from cubic to 

monoclinic phase. This unique mechanism makes ZrO2 a potentially better material in the 

dentistry and biomedical fields. The high biocompatibility of zirconium oxide and its substantial 

non-toxicity [226] allows its use as a biomaterial in the construction of dental implants, in bone 

replacement, in nanocomposite coatings and as a drug-delivery-system in the form of powder 

either of sintered material or as a composite ceramic configuration in conjunction with inorganic 

oxides such as titanium oxide, alumina and hydroxyapatite. [226] [227] Zirconia ceramics have 

several advantages over other ceramic materials, Zirconia blades are used to cut Kevlar, 

magnetic tapes, cigarette Alters (because of their reduced wear). High temperature ionic 

conductivity makes zirconia ceramics suitable as solid electrolytes in fuel cells and in oxygen 

sensors. Good chemical and dimensional stability, mechanical strength and toughness, coupled 

with a Young’s modulus in the same order of magnitude of stainless-steel alloys was the origin 

of the interest in using zirconia as a ceramic biomaterial. The research on the use of zirconia 

ceramics as biomaterials started about twenty years ago, and now zirconia (Y-YZP) is in clinical 

use in THR, but developments are in progress for application in other medical devices. 

Mesoporous oxide systems are attractive to their high surface area, tunable pore size, 

controllable particle size and shape, and dual-functional exterior and interior surfaces [228]. 

Moreover, mesoporous zirconia-based materials have further additional properties, such as 

catalytic activity and selectivity, better chemical stability than alumina or silica, amphoteric and 

redox properties [229-231].  
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Synthesis of the family of Bis-phosphonic (BPs) Acids 
 

Bis-phosphonic acids (BP) are a well-known class of organic molecules that represents the 

typical scaffold present in the most common drugs for osteoporosis and bone diseases 

treatments.[232] Bis-phosphonic acids can be prepared with a series of synthetic approaches and 

among these, the reaction of vinylidene bisphosphonate ester with nucleophiles through Michael 

or hetero-Michael addition is one of the most straightforward thus ensuring a wide range of 

possible products with simple commercially available nucleophiles. To synthesis new classes of 

bisphosphonates, the synthesis of methylene bisphosphonate ethyl ester was pivotal because this 

building block allow to synthesize a wide range of precursors characterized by the presence of 

vinyl units namely an unsubstituted double bond (VBP) and a wide range of mono and di-

substituted precursors (Figure 2.1.). 

 
 

Figure 2.1: Different types of unsaturated BP precursors. 

 
2. Results and Discussion  
 
In this section the results obtained during the synthesis of Bis-phosphonic acids are presented. I 

will first report the results obtained in the syntheses of the precursor followed by the results 

obtained in the syntheses of new BP ester molecules containing Sulfur atoms. Finally reported 

the results obtained in the deprotection of ethyl ester to get BPs acid molecules.  

 

2.1 Synthesis of BPs Precursors  
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2.1.1 Tetraethyl methylenebis(phosphonate) (MBP) 

 

Methylene bisphosphonate tetraethyl ester (MBP) is the main building block that can produce a 

wide range of other BP precursors. This molecule is the simplest BP precursor, where R1 and R2 

chains are both hydrogen atoms. It looks very similar to pyrophosphoric acid, where oxygen 

atom is replaced by a carbon atom and the acidic moieties are protected with four identical alkyl 

groups. In the literature some synthesis procedure of MBP have been reported using carbon 

disulfide [233] or diazomethane, [234] reagents requiring special precautions and use under 

severe restrictions: in fact, they are toxic, highly flammable and suspected carcinogens.  

 

Scheme 2.1: Synthesis of MBP 

 

Another problem limiting the experimental use of tetra alkyl methylene bisphosphonate as 

starting materials in syntheses is its high commercial price. We used a one pot procedure 

described by Hormi and co-workers [235] for the preparation of MBP starting from cheap 

materials. The synthesis of this precursor takes place with two subsequent nucleophilic attack by 

deprotonated phosphites on a dichloromethane molecule. The addition order of the reagents is 

crucial. The deprotonation of the phosphites occurs using a very strong Brønsted base (sodium 

ethylates) created in situ by addition of metallic sodium to ethanol used as the solvent.  

 

 

 
Figure 2.2: 1H-NMR of MBP  
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Then diethyl phosphite is added that is deprotonated and is thus able to nucleophilically attack 

dichloromethane that is added at the end of the reaction. The reaction can proceed for two weeks. 

Recently Mezianeand collaborators reported a faster procedure using microwave technologies to 

synthesize the same product. [236] It is noteworthy that the major product is MBP although a 

large excess of methylene chloride is used because the intermediate diethyl chloromethyl 

phosphonate is more reactive than methylene chloride in the subsequent nucleophilic 

substitution. This methodology described and shown in Scheme 2.1 could be performed in 10 g 

scale and allowed to obtain the product in 54% yield. 

 

 
 

Figure 2.3: 31P {1H}-NMR of MBP  

 
2.1.2 Diethyl (1-(ethoxy(methoxy)phosphoryl)vinyl)phosphonate (VBP) 
 

VBP is a versatile synthetic intermediate that allows access to a variety of highly functionalized 

compounds bearing the bisphosphonic moiety. Due to the presence of electron-deficient alkene 

moiety this compound can undergo conjugate addition with a variety of reagents including strong 

nucleophiles, such as organometallic reagents and enolates, as well as mild nucleophiles, such as 

amines, thiols and alcohols.  

 

Scheme 2.2: Synthesis of VBP 

VBP acts as a dipolarophile or dienophile in 1,3-dipolar cycloadditions or Diels–Alder reactions, 

to produce five- or six-membered rings containing the bisphosphonic unit.[237] The synthesis of 

this precursor occurs by reaction between MBP and formaldehyde [238] in two steps: the first 

one proceeds at 60°C with depolymerization of paraformaldehyde and deprotonation of the α 

carbon atom of MBP by diethylamine followed by attack to formaldehyde to give 2-

methoxyethan-1,1 bisphosphonate intermediate (Scheme 2.2). The second step carried out at 

115°C is characterized by the synthesis of the final VBP product by elimination of a methanol 
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molecule by acid catalysis in the presence of p-toluene sulfonic acid. The reaction was 

performed in gram scale and the product was obtained with a yield higher than 90%. 

 

 
Figure 2.4: 1H-NMR and 31P {1H}-NMR (inside) of VBP 

 
1H NMR spectra shows typical resonance for vinylic proton doublet of doublet at down field. 
31P{1H}-NMR represent a sharp singlet. The obtained VBP was used, as described below, as a 

precursor for the synthesis of new BP through Michael addition reactions. 

 
2.1.3 Tetraethyl ethane-1,1-diylbis(phosphonate) (EBP) 
 

The synthesis of BP compound with short alkyl chain namely EBP is done by using Sodium 

borohydride (NaBH4) as a reducing agent and VBP as precursor since it has electron deficient 

alkene group. NaBH4 is relatively mild reducing agent, primarily used for the reduction of 

reactive functional groups in protic solvents.  

 

Scheme 2. 3: Synthesis of EBP 

The mechanism of the reaction of sodium borohydride with VBP proceeds in two steps. In the 

first step, nucleophilic attack of a hydride (H-) ion on the electron deficient carbon. This form the 

C-H bond and breaks the C-C bond, resulting in a new lone pair on the carbon, which makes the 

carbon negatively charged (carbanion). In the second step, a proton from water is added to the 
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carbanion to make the alkane. This is performed at the end of the reaction, the step referred to as 

protonation. The product was obtained with a yield 95%. 

 

 
 

Figure 2.5: 1H-NMR of EBP 

 

 
 

Figure 2.6: 31P {1H}-NMR of EBP 

 
1H NMR spectra represents typical resonance for β-proton triplet of doublet at high field 1.40 

ppm. A sharp singlet at 24.04 ppm appears in 31P{1H} indicating two identical phosphate 

moieties. 1H{31P}-NMR spectra shows simplification of the resonance peaks, for example a 

doublet with small coupling constant 7.4 Hz instead of triple of doublet with high coupling 

constant at 17.2 Hz for ethylene proton (Figure 2.7).  
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Figure 2.7: 1H {31P}-NMR of EBP 
 

13C-NMR of EBP shows the typical resonance peaks. The ethyl ester carbon represents the most 

downfield doublet at 62.53 ppm because of deshielding effect by electronegative oxygen atom. 

The signal of the carbon atom attach with two Phosphorous atom gives a triple at 31.06 ppm by 

coupling effect of phosphorous atoms. 2D-NMR HMBC showed long range 13C-1H resonances, 

helping to assign 13C signals as reported on Figure 2.10 

 

 

 
Figure 2.8: 13C-NMR of EBP 
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Figure 2.9: 2D-NMR HSQC of EBP  

 
 

Figure 2.10: 2D-NMR HMBC of EBP 
 

 



31 
 

2.2 Synthesis of Sulfur Containing Bisphosphonate Ester 

 
Bisphosphonates (BPs) are the most potent inhibitors of bone resorption clinically available to 

humans. Based on the components of their side chains, BPs divided into two categories: 

nitrogen-containing and non-nitrogenous. Tiludronate is only one non-nitrogenous commercially 

available BP, containing a sulfur atom in the β-position. Like other non-N-containing BPs, 

tiludronate can be incorporated into molecules of ATP, creating non-hydrolysable cytotoxic 

analogs of ATP molecules, which can disrupt phosphorylation thereby disrupting the activation 

and deactivation of regulatory enzymes. Though, tiludronate has low cellular potency and low 

mineral affinity in comparison to the more potent N-containing BPs and its clinical use is limited 

to the treatment of Paget’s disease or in veterinary orthopedics. [239]  

S-containing BPs can be synthesized by anion-mediated thiol–Michael reactions with Sulphur 

nucleophiles bearing different functional groups to give γ-substituted BPs (C–S bond). The thiol-

Michael addition reaction or the conjugate addition of thiols or thiolate anions, to electron-

deficient C=C bonds has attracted significant attention over the past decade due to its enhanced 

level of control over reaction parameters to ensure both spatial and temporally modifiable 

materials-be it the in vivo surface modification of biomaterials or photolithographic patterning of 

a substrate. [240−243]. Unlike radical mediated thiol-ene reactions which produce 

radical−radical termination products, thiol-Michael addition both the nucleophile- and base-

catalyzed mechanisms do not lead to the formation of significant side products even in very 

dilute systems. This ability to proceed to quantitative conversion without side product formation 

even under dilute conditions renders the thiol-Michael addition the reaction of choice for many 

materials’ chemistry applications. Generally, these reactions are carried out under the promotion 

of phosphorus- or nitrogen-centered nucleophiles. The phosphorus-centered reagents, such as 

tripropyl phosphine, are more effective as compared to the nitrogen-centered reagents, but they 

are environmentally sensitive and toxic. [244, 245] The main difference between base and 

nucleophile catalysts resides in the initiation process related with the production of thiolate 

anions (RS−) resulting from deprotonation of a thiol (Michael donor). Strong base catalysts, such 

as tertiary amines (NEt3), pick up the hydrogen atom directly from the thiol, whereas in the case 

of nucleophile catalysts, such as phosphines and primary (or secondary) amines, an intermediary 

zwitterionic enolate species is formed instead via nucleophilic attack to an electron-deficient 

vinyl (Michael acceptor), which in turn deprotonates the thiol ascribed to the strong basic 

character of zwitterions.[246]  

S-containing BPs are an under investigated class of BPs. Recent literature showed only a limited 

number of contributions, a new synthetic procedure reported is based on a rapid and solvent-free 

microwave-assisted method. [247] Studies on Thienopyrimidine-based bisphosphonates showed 

that these sulfur-nitrogen containing BPs were identified as a new class of inhibitors of the 

human farnesyl pyrophosphate synthase (FPPS). [248] Thiol BP products could be readily 

isolated and deprotected removing the phosphonic ester moieties to give the corresponding bis-

phosphonic acids. In particular, our research group reported a comparative study on the toxicity 
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and osteoclast inhibition activity of a known N-containing BPs with respect to a new S 

containing BP demonstrating good antiosteoclast activity of the latter while maintaining a low 

toxicity level, which is a really positive aspect for the development of new drugs. [249] Hence, 

new S-containing BPs were synthesized as reported below. 

 
 

 

 
 

Scheme 2.4. Chemical structure of S-containing bisphosphonates Ester 

 

General thiol-Michael Addition Reaction Mechanism with Base Catalyst 
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Scheme 2.5: The base-catalyzed thiol-Michael addition reaction pathway shows the hydrothiolation of an 

activated C=C bond via the addition of the anion across the electron-deficient β-Carbon of the vinyl group 

 

Till now the most efficient catalysts with the minimal side reactions that have been used to 

initiate the thiol-Michael addition reactions are the base and nucleophile-based catalysts, 

although Lewis acids such as gandolinium triflate-based tetrafluoroborate also successfully 

initiate the thiol-Michael addition reactions.[250] Moreover, Moghaddam et al.[251] showed that 

a mixture of KF/Al2O3 yield an efficient ionic liquid to catalyze the thiol-Michael reaction while 

Movassagh et al.[252] demonstrate ideal conditions the absence of a solvent for the thiol-

Michael addition reaction 

 

2.2.1 Tetraethyl (2-(allylthio)ethane-1,1-diyl)bis(phosphonate (BPSAL) 

The synthesis of BPSAL was accomplished by reaction of allyl mercaptan with VBP under 

triethylamine catalysis, providing almost quantitative yield for the corresponding BP tetraethyl 

ester precursor. The product was purified by flash chromatography and characterized by NMR 

spectroscopy. 

 
 

Scheme 2.6: Synthesis of BPSAL. 

 

 
Figure 2.11: 1H-NMR of BPSAL  
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Figure 2.12: 1H{31P}-NMR of BPSAL  

 

 

 

 
Figure 2.13: 13C-NMR of BPSAL 

1H NMR spectra shows typical resonance for allyl proton in the product at δ 5.75 ppm (triplet of 

doublet), 5.10 ppm (doublet of doublet) and 5.04 ppm (doublet of doublet) respectively. 1H{31P}-

NMR spectra shows simplification of the resonance peaks (Figure).  

 

 
 

 

 

 

Figure 2.14: 31P-NMR of BPSAL 
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A sharp singlet appears at lower field 21.58 ppm in 31P{1H} spectra compare to that of singlet at 

12.93 ppm for VBP. 2D-NMR HMBC showed long range 13C-1H resonances, helping to assign 
13C signals as reported on (Figure 2.13) The 2D-NMR NOESY (Figure 2.15) experiment 

revealed a cross-peak between ethyl proton to methylene in the ester portion. 

 
 

Figure 2.15: 2D-NMR NOESY of BPSAL 

 
Figure 2.16: 2D-NMR HSQC of BPSAL  
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Figure 2.17: 2D-NMR HMBC of BPSAL 

 

2.2.2 Tetraethyl (2-((3-hydroxypropyl)thio)ethane-1,1-diyl)bis(phosphonate) (BPHPT) 

 

 
 

Scheme 2.7: Synthesis of BPHPT. 
 

1H-NMR spectra show typical resonances for vinylic proton (doublet of doublets) at high field 

(Figure 2.18). 2D-NMR -COSY showed typical 1H-1H cross resonances among the ethyl esters 

protective groups. The HMBC 2D-NMR spectrum show long range 13C-1H resonances, helping 

to assign 13C signals as reported on Figure 2.20.  
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Figure 2.18: 1H-NMR of BPHPT 

 

 
Figure 2.19: 31P NMR of BPHPT 
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Figure 2.20: 13C-NMR of BPHPT 

 

 

 
Figure 2.21: 2D-NMR COSY of BPHPT 
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Figure 2.22: 2D-NMR NOESY of BPHPT 

 
 

 
 

Figure 2.23: 2D-NMR HSQC of BPHPT 
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Figure 2.24: 2D-NMR HMBC of BPHPT 

 
2.2.3 tetraethyl (2-((2-aminoethyl)thio)ethane-1,1-diyl)bis(phosphonate) (AETI) 

In the case of the amino substituted BP (AETI) the commercially available 2-aminoethanthiol 

turned out to react with VBP forming a mixture of N and S -substituted bis-phosphonic esters.  

 

 
Scheme 2.8: Synthesis of AETI. 

 

Because of this it was necessary to preliminarily protect the amino functionality with Boc 

forming the protected thiol that was further reacted with VBP forming the intermediate tetraethyl 
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2-{(2-Boc-amino) ethanethiol} ethane-1,1-diyldiphosphonate (BPBAT). Then the deprotection 

of Boc group is done by trifluoroacetic acid (TFA) to get AETI with good yield. (Scheme 2.8). 
 

 
Figure 2.25: 1H-NMR of 2-(Boc-amino) ethanethiol 

 

 
Figure 2.26: 1H-NMR of BPBAT 

 

1H NMR spectra represents a sharp singlet at high field 1.42ppm that confirmed the protection of 

amino group by Boc and shows typical triplet of triplet and triplet of doublet that belongs to α- 

and β- protons respectively (Figure 2.26). A comparison is reported between the traditional 1H-

NMR spectrum of BPBAT and the phosphorous decoupled 1H {31P}-NMR spectrum (Figure 



42 
 

2.28) in order to underline the presence of 1H-31P couplings. Only S-containing -substituted bis-

phosphonic esters is formed confirmed by the 31P NMR spectra that shows one singlet at 

21.56ppm due to symmetry of the intermediate BPBAT compound. 

 
 

Figure 2.27: 31P-NMR of BPBAT 

 

 

 

 
 

Figure 2.28: Comparison of 1H NMR (red) & 1H{31P} NMR (blue) of BPBAT 

 
2D-NMR COSY (Figure 2.30) showed usual cross-peak between ethyl ester protections protons 

highlighting 1H-1H resonances between α and β-protons. 2D-NMR HSQC (Figure 2.32) and 

HMBC (Figure 2.33) helped to confirm the synthesis of desired Boc protected amino-BP 

product, giving the possibility to verify 13C assignments. 
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Figure 2.29: 13C NMR of BPBAT 

 

 
 

Figure 2.30: 2D-NMR COSY of BPBAT 
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Figure 2.31: 2D-NMR NOESY of BPBAT 

 

 

 
 

Figure 2.32: 2D-NMR HSQC of BPBAT 
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Figure 2.33: 2D-NMR HMBC of BPBAT 

 

The corresponding Boc deprotected amino-bisphosphonic compound (AETI) was isolated in 

good yields and characterized by 1H and 31P-NMR spectroscopy in CHCl3. The absence of sharp 

singlet at high field proved the deprotection of amino group (Figure 2.34).  

 

 

 
 

Figure 2.34: 1H-NMR of AETI 
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Figure 2.35: Comparison of 31P{1H }-NMR of BPBAT (red) & AETI (blue)  

 

 

 

 

 
 

Figure 2.36:1H{31P}-NMR of AETI 

 

 

2D-NMR (COSY, NOESY, HSQC and HMBC) also revealed the presence of desired AETI 

product. 2D-NMR HMBC of AETI shows long range 13C-1H resonances that turned out to be 

very useful to assign 13C resonances as reported in Figure 2.37. 
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Figure 2.37: 13C NMR of AETI 

 
 

 
Figure 2.38: 2D-NMR COSY of AETI 

 



48 
 

 
Figure 2.39: 2D-NMR NOESY of AETI 

 

 
Figure 2.40: 2D-NMR HSQC of AETI 
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Figure 2.41: 2D-NMR HMBC of AETI 

 

2.2.4 Benzyl 2-((2,2-bis(diethoxyphosphoryl)ethyl)thio)acetate (BPBTG)  

For the synthesis of BP compound containing free carboxylic end group, the reaction of sodium 

thioglicolate with VBP did not provide the desired product even using polar solvents like DMSO 

or DMF observing in all cases a series of products derived by O and S attack on the  position of 

VBP. 

 
Scheme 2.9: Synthesis of BPBTG 

 

In order to selectively protect the carboxylic unit sodium thioglicolate was reacted in DMF with 

benzyl bromide under inert atmosphere forming the corresponding benzyl ester with the free 

thiol moiety that was reacted with VBP directly without isolation, forming the desired thio-

Michael addition product (BPBTG) (Scheme 2.9) that was eventually deprotected to form the 

free bis-phosphonic acid.  
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Figure 2.42: 1H NMR of BPBTG 

 
 

Figure 2.43: Comparison of 31P{1H }-NMR of BPBTG (red) &  VBP (black) 

 
1H NMR spectra (Figure 2.43) represents typical resonance for benzyl-proton multiplate at low 

field 7.40 – 7.27 ppm. A comparison between the 31P{1H} NMR spectra of VBP (black) and 

BPBTG (red) confirmed the complete conversion of VBP to BPBTG. 1H{31P}-NMR spectra 

shows simplification of the resonance peaks, for example a triplet with small coupling constant 

6.0 Hz instead of triple of triplet with high coupling constant at 24.0 Hz for α- proton (Figure 

2.44). 13C-NMR shows the typical resonance peaks at around 128 ppm for benzyl carbon. 2D-

NMR NOESY (Figure 2.47) experiments revealed intense NOE cross-couplings between ethyl 

ester proton 2D-NMR HMBC (Figure) showed long range 13C-1H resonances, helping to assign 
13C signals as reported on Figure 2.45 
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Figure 2.44: 1H {31P} -NMR of BPBTG 

 

 

 

 

 
 

Figure 2.45: 13C -NMR of BPBTG 
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Figure 2.46: 2D-NMR COSY of BPBTG 

 

 

 
 

Figure 2.47: 2D-NMR NOESY of BPBTG 
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Figure 2.48: 2D-NMR HSQC of BPBTG 

 

 

 
 

Figure 2.49: 2D-NMR HMBC of BPBTG 
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2.2.5 Tetraethyl (2-(pentamethylene dimercaptan) ethane-1,1-diyl)bis(phosphonate) (BPPMD) 

The product was obtained in hundreds mg scale, purified by flash chromatography and 

characterized by NMR spectroscopy. BPPMD characterization is reported below 

 

Scheme 2.10: Synthesis of BPPMD 

 

 
 

Figure 2.50: 1H NMR of BPPMD 

 

The characterization of the BPPMD compound is reported with comparison between 1H-NMR & 

1H {31P}-NMR, simplification of the resonance peaks showed in the latter spectrum of α and β 

protons. The 31P {1H}-NMR showed the presence of a strong singlet at downfield 21.67 ppm 

compare to VBP. The 2D-NMR COSY (Figure 2.55) showed usual cross-peak between ethyl 

ester protections protons highlighting 1H-1H resonances between α and β protons. 2D-NMR 

HMBC (Figure 2.57) helped to confirm the synthesis of desired BPPMD product, giving the 

possibility to verify 13C assignments (Figure 2.54). 
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Figure 2.51: 31P{1H}- NMR of BPPMD 

 

 

 

 
 
 

Figure 2.52: 1H{31P}-NMR of BPPMD 
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Figure 2.53: Comparison between 1H-NMR (green) &1H{31P}-NMR (blue) of BPPMD ester and 1H-

NMR of 1,5- Penta dithiol reagent (red) 

 

 

 
 

Figure 2.54: 13C NMR of BPPMD 
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Figure 2.55: 2D NMR- COSY of BPPMD 

 

 
 

Figure 2.56: 2D NMR- HSQC of BPPMD 
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Figure 2.57: 2D NMR- HMBC of BPPMD 

 

2.2.6 Tetraethyl 2-(octamethylene dimercaptan) ethane-1,1 diyl)bis(hosphonate) (BPOMD) 

The desired product obtained by the reaction between VBP and 1,8-octane dithiol with 1: 1 

molar ratio in the presence of base catalyst trimethyl amine. The product was obtained as 

colorless liquid with 96%. 

 

Scheme 2.11: Synthesis of BPOMD  

1H NMR spectra showed several multiplate at 1.25 to 2.70 ppm to corresponding methylene 

proton in the ethyl ester portion along with long chain free thiol portion.31P{1H} NMR represent 

a sharp singlet at 21.72 ppm. 

2D-NMR HSQC (Figure 2.61) helped to confirm the synthesis of desired product by analyzing 

the correlations between a carbon and its attached protons. 2D-NMR HMBC of BPOMD showed 

long range 13C-1H resonances that turned out to be very useful to assign 13C resonances as 

reported in Figure 2.60. 
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Figure 2.58: 1H-NMR of BPOMD 

 

 
Figure 2.59: 31P-NMR of BPOMD 
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Figure 2.60: 13C-NMR of BPOMD 

 

 
 

Figure 2.61: 2D NMR- HSQC of BPOMD 
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Figure 2.62: 2D NMR- HMBC of BPOMD 

 

 2.2.7 Tetraethyl (2-(1-hexadecane thiol) ethane-1,1 diyl)bis(phosphonate) (BPHDT) 

To produce hydrophobic environment on the metal surface we need to prepare a BP compound 

with long alkyl chain. The S-containing BP compound with long alkyl chain BPHDT prepared 

with 1-hexadecane thiol in molar ratio. The product obtained with 93% yield.   

 

Scheme 2.12: Synthesis of BPHDT. 
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Figure 2.63: 1H NMR of BPHDT 

 

 

 
 

Figure 2.64: 31P{1H}-NMR of BPHDT 

 
1H NMR spectra represents typical resonance for α and β-proton doublet of doublet and triplet of 

doublet at high field respectively (Figure 2.63). A set of multiplate observed at 1.21ppm that 

proved the presence of several methylene group in long chain of final product. A sharp singlet at 

21.75ppm appears in 31P{1H} indicating two identical phosphate moieties. The phosphorous 

decoupled 1H{31P}-NMR spectrum (Figure 2.64) reveled the absence of 1H-31P couplings. 2D-

NMR COSY (Figure 2.67) showed cross-peak between ethyl ester protections protons 

highlighting 1H-1H resonances between α and β-protons. 
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Figure 2.65: 1H{31P}-NMR of BPHDT 

 

 

 
 

Figure 2.66: 13C-NMR of BPHDT 
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Figure 2.67: 2D-NMR COSY of BPHDT 

 

 
 

Figure 2.68: 2D-NMR HSQC of BPHDT 
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Figure 2.69: 2D-NMR HMBC of BPHDT 

 

2D-NMR HMBC of represented long range 13C-1H resonances that turned out to be very useful 

to assign 13C resonances as reported in Figure 2.66 

 

2.3 Synthesis of Bis-phosphonic Acids 
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General Procedure 1(a-k) 

General procedure for the deprotection of ethyl esters 

 

 Scheme 2.13: Synthesis of deprotected Bis-phosphonic acids. 

 

 
 
2.3.1 Methylene Bis-phosphonic Acid (MBP, 1a)  

1H NMR spectra represents typical resonance for α-proton triplet at high field 2.12 ppm. A sharp 

singlet at 18.18 ppm appears in 31P{1H} in D2O indicating no aggregation of nanoparticles. 
1H{31P}-NMR spectra shows simplification of the resonance peaks, for example a singlet instead 

of triple for methylene proton (Figure 2.71). 2D-NMR HSQC (Figure 2.73) helped to confirm 

the synthesis of desired product by analyzing the correlations between a carbon and its attached 

protons. 
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Figure 2.70: 1H NMR of MBP, 1a 

 

 
Figure 2.71: 1H {31P}-NMR of MBP, 1a 

Figure 2.72: 31P{1H}-NMR of MBP, 1a 
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Figure 2.73: 2D NMR HSQC of MBP, 1a 

 

2.3.2 Ethan-1,1-diylbis(phosphonic Acid) (EBP, 1b) 
1H NMR spectra shows only typical triplet of doublet and multiplate that belongs to α- and β- 

protons respectively (Figure 2.74).  

 

 
Figure 2.74: 1H NMR of EBP, 1b 
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Figure 2.75: 31P{1H} NMR of EBP, 1b 

 
Figure 2.76: 13C NMR of EBP, 1b 

 
Figure 2.77: 2D NMR COSY of EBP, 1b 
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2D-NMR COSY (Figure 2.77) shows usual cross-peak highlighting 1H-1H resonances between α 

and β-protons. 2D-NMR HSQC (Figure 2.78) helped to confirm the synthesis of desired product, 

giving the possibility to verify 13C assignments in figure 2.76. 

 

Figure 2.78: 2D NMR HSQC of EBP, 1b 

2.3.3. 2-((3-hydroxypropyl) thiol)ethane-1,1- diyl)bis(phosphonic acid) (BPHPT, 1c)  

 

 
Figure 2.79: 1H NMR of BPHPT, 1c 
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Figure 2.80: 1H{31P} NMR of BPHPT, 1c 

 

 
 

Figure 2.81: 31P{1H}-NMR of BPHPT, 1c 

In 1H-NMR spectra absence of typical resonances for ethyl ester proton at high field (Figure 

2.79) confirmed the deprotection of ester group. 2D-NMR -COSY showed typical 1H-1H cross 

resonances. The HMBC 2D-NMR spectrum (figure 2.84) show long range 13C-1H resonances, 

helping to assign 13C signals as reported on Figure 2.82. Proton decoupled Phosphorous NMR 

shows only one sharp signal to confirm complete conversion of ester to acid.  
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Figure 2.82: 13C NMR of BPHPT, 1c 

 

 

 
Figure 2.83: 2D NMR COSY of BPHPT, 1c 
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Figure 2.84: 2D NMR HMBC of BPHPT, 1c 

 

2.3.4. (2-((2-aminoethyl)thio)ethane-1,1-diyl)bis(phosphonic acid) (AETI, 1d) 

The characterization of the AETI compound is reported with 1H-NMR, shows all typical 

resonance. A comparison between 31P{1H}-NMR of ester deprotected & 31P{1H}-NMR of ester 

protected amino-BP compound represented, the 31P {1H}-NMR showed the presence of a strong 

singlet at upfield 21.67 ppm compare to latter one. 

 

 
 

Figure 2.85:1H NMR of AETI,1d 
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Figure 2.86: Comparison between 31P{1H} NMR of AETI ester and 31P{1H} NMR of AETI acid,1d 

2.3.5. 2-((2,2-diphosphonoethyl)thio)acetic acid (BPSC,1e)  

 

 
 

Scheme 2.14: Synthesis of deprotection BPSC acid 

 

 

 

 
Figure 2.87: 1H NMR of BPSC, 1e 
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In the presence of bromo trimethyl silane both the benzyl group and ester group deprotected 

from BPBTG compound. The product was obtained as colorless liquid with 98% yield. The 

characterization of the BPSC compound is reported with comparison of 1H-NMR of deprotected 

BPBTG, absence of resonance of benzyl proton at low field and ethyl ester proton at high field 

confirmed the desired product. The 31P {1H}-NMR showed the presence of a strong singlet at 

upfield 19.22 ppm compare to BPBTG (Figure 2.90)  

 

 

Figure 2.88: Comparison between 1H NMR of BPBTG ester (red) and BPSC acid, 1e (green) 

 

 

          Figure 2.89: 31P{1H}-NMR of BPSC, 1e 

Figure 2.90: Comparison between 31P{1H}-NMR of BPBTG 

 ester (red) and BPSC acid, 1e (blue) 
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2.3.6. (2-(allylthio)ethane-1,1-diyl)bis(phosphonic acid) (BPSAL, 1f) 
 
1H NMR spectra shows typical resonance for allyl proton in the product triplet of doublet), 

doublet of doublet and doublet of doublet along with resonance of α and β- protons (Figure 

2.91). 

 

 

 
 

Figure 2.91: 1H NMR of BPSAL,1f 

 

 

 
 

Figure 2.93: 1H{31P}- NMR of BPSAL,1f 

 

1H{31P}-NMR spectra shows simplification of the resonance peaks (Figure 2.93). A sharp singlet 

appears at lower field 19.84 ppm in 31P{1H} spectra. 2D-NMR HMBC showed long range 13C-
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1H resonances, helping to assign 13C signals as reported on (Figure 2.97). 2D-NMR COSY 

showed typical 1H-1H cross resonances among the α and β- protons and allyl protons (Figure 

2.95). Comparison between 1H-NMR of BPSAL Ester and 1H-NMR of BPSAL Acid (figure 

2.98) confirmed the absence of ester group in latter one. 

 

 

Figure 2.94: 13C NMR of BPSAL,1f 

 

 

 

 

 

 

 

 

 

 Figure 2. 92: 1H{31P}- NMR of BPSAL,1f 

 



78 
 

 
 

Figure 2.95: 2D NMR COSY of BPSAL,1f 

 
 

Figure 2.96: 2D NMR HSQC of BPSAL,1f 
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Figure 2.97: 2D NMR HMBC of BPSAL,1f 

 

 

 
Figure 2.98: Comparison between 1H-NMR of BPSAL Acid, 1f (red) & 1H-NMR of BPSAL Ester (blue) 
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2.3.7. (2- (pentamethylene dimercaptan)ethane-1,1- diyl)bis(phosphonic Acid) (BPPMD, 1g) 

In Figure 2.102, comparison between 1H-NMR of BPPMD ester, 1H-NMR & 1H- {31P}-NMR   

of BPPMD Acid clearly shows the deprotection of ester group since the triplet at 1.30ppm and 

set of multiplate at 4.21 – 4.11ppm are disappear.  

2D-NMR COSY (Figure 2.103) showed usual cross-peak between methylene protons of thiol 

chain highlighting 1H-1H resonances between α and β-protons. 

2D-NMR NOESY (Figure 2.104) experiments revealed intense NOE cross-couplings between 

methylene proton. 2D-NMR HSQC (Figure 2.105) helped to confirm the synthesis of desired 

product, giving the possibility to verify 13C assignments in Figure 2.101. 

 

 

Figure 2.99: 1H-NMR of BPPMD,1g 

 

 
Figure 2.100: 31P{1H}-NMR of BPPMD,1g 
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Figure 2.101: 13C NMR of BPPMD,1g 

 

 
Figure 2.102: Comparison between 1H-NMR of BPPMD ester (red) & 1H-NMR (green) & 1H- {31P}-

NMR   of BPPMD Acid, 1g (blue) 
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Figure 2.103: 2D NMR COSY of BPPMD Acid, 1g 

 

 
Figure 2.104: 2D NMR NOESY of BPPMD Acid, 1g 
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Figure 2.105: 2D NMR HSQC of BPPMD Acid, 1g 

2.3.8. (2-(octamethylene dimercaptan)ethane-1,1- diyl)bis(phosphonic Acid) (BPOMD, 1h) 

1D NMR (1H, 31P{1H}) and 2D NMR HSQC, HMBC reveled the production of desired product 

BPOMD with good yield. 

 

 
Figure 2.106: 1H NMR of BPOMD, 1h 
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Figure 2.107: 31P{1H}-NMR of BPOMD, 1h 

 

 

 
Figure 2.108: 2D NMR HSQC of BPOMD, 1h 
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Figure 2.109: 2D NMR HMBC of BPOMD, 1h 

 

2.3.9. (2-(1-hexadecane thiol)ethane-1,1- diylbis(phosphonic Acid) (BPHDT, 1k) 

The characterization of the BPHDT compound is reported in 1H-NMR (Figure 2.110).  The 1H 

{31P}-NMR showed simplification of the resonance peaks in Figure 2.112. The 31P {1H}-NMR 

showed the presence of a strong singlet at 18.85 ppm (Figure 2.111). 
 

 
Figure 2.110: 1H NMR of BPHDT, 1k 
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Figure 2.111: 31P{1H} NMR of BPHDT, 1k 

 

2D-NMR HSQC (Figure 2.113) helped to confirm the synthesis of desired product by analyzing 

the correlations between a carbon and its attached protons. 2D-NMR HMBC of BPOMD (Figure 

2.114) showed long range 13C-1H resonances that turned out to be very useful to assign 13C 

resonances. 

 

 
 

Figure 2.112: 1H {31P} NMR of BPHDT, 1k 
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Figure 2.113: 2D NMR HSQC of BPHDT, 1k 

 

 
Figure 2.114: 2D NMR HMBC of BPHDT, 1k 
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2.4. Experimental Section 
 

General Methods & Materials 

The reactions were followed with TLC Polygram Sil G/UV254, 0.25 mm thickness. 1H NMR, 
13C NMR, and 2D spectra were recorded with a Bruker Avance 300 and Ascend 400 

spectrometers, working at 300-400 and 75-100 MHz respectively. Resonance frequencies are 

referred to tetramethyl silane. 

Reagents and solvents with high purity degree purchased by the providers were used as given. 

Otherwise, they were purified following the procedures reported in literature. [253] Anhydrous 

solvents were prepared by adding activated 3 Å molecular sieves to the solvent under inert 

atmosphere. Molecular sieves were activated shortly before the use by continuous heating under 

vacuum. Flash chromatography were performed with silica gel Merk 60, 230-400 mesh, 

following procedures reported in literature. [254] 

 
Reagents Purity M.W  

(g/mol) 

Density  

(g/cm-3) 

Supplier 

Aminoethanthiol >95% 77.15  Tokyo Chemical Industry (TCI) 

3-mercapto-1-propanol >97% 92.16 1.067 Tokyo Chemical Industry (TCI) 

Allyl mercaptan >80% 74.14 0.90 Tokyo Chemical Industry (TCI) 

Methyl mercaptan sodium salt >95% 114.10 1.0 Tokyo Chemical Industry (TCI) 

1,5-Pentanedithiol >95% 136.28 1.016 Tokyo Chemical Industry (TCI) 

1,8-Octanedithiol >97% 178.36 0.97 Tokyo Chemical Industry (TCI) 

1-Hexadecanethiol >97% 258.52 0.846 Tokyo Chemical Industry (TCI) 

Sodium borohydride ≥ 98% 37.83 1.07 Sigma-Aldrich 

Bromo trimethylsilane >97% 153.09 1.183 Sigma-Aldrich 

Di-tert-butyl decarbonate >98% 218.25 0.95 Sigma-Aldrich 

Trifluoroacetic acid >99% 114.02 1.48 Sigma-Aldrich 

Benzyl bromide >98% 171.03 1.44 Sigma-Aldrich 

 
Quantitative 1H NMR determinations 
 

1H NMR spectra for quantitative determinations were recorded with a Bruker Ascend 400 

spectrometer operating at 400 MHz with saturation of the solvent peak of water at 4.79 ppm. 

Analyses were carried out preparing a standard solution of the BP 5 mM in D2O buffered 

solutions 25 mM. Since the release tests were directly carried out in deuterated solvents, aliquots 

of 1 mL on the samples were withdrawn at fixed times (0, 30, 60, 90, 120, 240, 420, and 1440 

minutes) removing the ZrNPs by centrifugation. The obtained solutions were directly analysed 

by quantitative NMR acquiring the 1H NMR spectra of the samples and of the references with 

the same acquisition parameters such as number of scans 16 and d1 of 10 s on 0.6 mL of sample. 

The 1H NMR spectra were analysed with the quantitative Eretic Bruker program considering 
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volume of the solution, the concentration of the mother solution as reference and the number of 

H atoms assigned to a certain resonance in the spectrum.  

 
2.4.1. Tetraethyl methylenebis(phosphonate) (MBP) 
 

The starting material was synthesised according to literature procedure [255]. Briefly, in a 500 

mL round bottomed flask, small pieces of sodium metal (5 g, 220 mmol) were dissolved in 130 

mL ethanol solvent under vigorous stirring, then diethyl phosphite (28 mL, 220 mmol) was 

added dropwise into the clear sodium ethoxide solution and then left the reaction mixture under 

stirring for 1h at room temperature. Then the resulting solution was concentrated under rotavapor 

and then dissolved in anhydrous methylene chloride (10 mL, 156 mmol) and the solution was 

stirred for 15 days at room temperature. After that the solution was washed with saturated brine 

(3 X 50 mL). The organic phase was diluted with CH2Cl2 (30 mL) and dried with NaSO4 and 

then precipitate was filtered. Methylene dichloride was removed from mother liquors with 

rotavapor. The residue was distilled at high vacuum through Kugelrohr (0.1 mm Hg). The 

product was obtained as colorless oil (54% yield). 
1H NMR (400 MHz, Chloroform-d) δ 4.16 – 3.97 (set of m, 8H), 2.34 (t, J =    

21.0 Hz, 2H), 1.24 (t, J = 7.1 Hz, 12H).  
31P N MR (162 MHz, Chloroform-d) δ 19.33 (s,2p).  
13C NMR (101 MHz, Chloroform-d) δ 62.62 (t, J = 3.0 Hz), 25.43 (t, J = 

136.9 Hz), 16.36 (d, J=3.2 Hz) ppm. 

 

2.4.2. diethyl (1-(ethoxy(methoxy)phosphoryl)vinyl)phosphonate (VBP) 
 

In a 500 mL round bottomed flask, paraformaldehyde (3.18 g, 106 mmol) and diethylamine (2.2 

mL, 21mmol) were dispersed in 60 mL of methanol and the flask was topped with a reflux 

condenser. The apparatus was purged with nitrogen and the suspension refluxed until clearness. 

The resulting solution was cooled to room temperature. Then tetraethyl (methylene) 

bisphosphonate (5 ml, 20 mmol) was added dropwise into the cooled solution and then reflux for 

overnight. After that the completeness of the intermediate reaction was verified by 1H & 31P 

NMR analysis. Then the solution was concentrated under rotavapor and the crude solution was 

diluted with methanol (30 mL) and then concentrated. The concentrated solution was diluted 

with toluene and concentrated again. Then the solution was dissolved in anhydrous toluene and 

p-toluene sulfonic acid (15 mg, 0.09 mmol) was added to the solution. A pressure-equalizing 

dropping funnel filled with activated 3 Å molecular sieves was placed over the flask and topped 

with a reflux condenser. The apparatus was purged with nitrogen and the suspension refluxed for 

24 hours. The completeness of the reaction was verified by 1H & 31P NMR analysis. The 

resulting solution was cooled to room temperature and concentrated under rotavapor. Then the 

residue was dissolved in CH2Cl2, washed twice with H2O, dried with NaSO4, and finally CH2Cl2 

was removed from mother liquor with rotavapor. The product was obtained as light-yellow oil 

(5.3 g, 17.6 mmol, 90% yield). 
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1H NMR (400 MHz, Chloroform-d) δ 6.88 (dd, J = 71.6, 9.3 Hz, 2H), 4.17 –

3.89 (set of m, 8H), 1.24 (t, J = 7.1 Hz, 12H).  
31P{1H} NMR (162 MHz, Chloroform-d) δ 12.93 (s,2P).  
13C NMR (101 MHz, Chloroform-d) δ 149.29 (s), 132.17 (t, J = 166.6 Hz), 

62.78 (t, J = 2.8 Hz), 16.38 (t, J = 3.3 Hz) ppm. 

 

2.4.3. Tetraethyl ethane-1,1-diylbis(phosphonate) (EBP) 
 

In a 100 mL round bottom flask equipped with magnetic stirring bar, vinylidene bisphosphonate 

tetraethyl ester (VBP, 500 mg, 1.67 mmol) was added in 5 mL methanol. Then NaBH4 (63 mg, 

1.67 mmol) was added to the solution and left stirred for 3h at room temperature under inert 

atmosphere. Then 1 mL deionized H2O was added to the reaction mixture and continued stirred 

for 30 min. After that methanol was removed with rotavapor. The crude was dissolved in 10 mL 

ethyl acetate and then washed with saturated brine (2X 50 mL), dried with NaSO4 and then 

precipitate was filtered. Finally, ethyl acetate solvent was removed with rotavapor. The product 

was obtained as colorless liquid (450 mg, 1.49 mmol, 95% yield). 

 

 1H NMR (400 MHz, Chloroform-d) δ 4.18 – 4.02 (set of m, 8H), 2.44 – 2.26 

(set of m, 1H), 1.40 (td, J = 17.2, 7.4 Hz, 3H), 1.28 (t, J = 7.1 Hz, 12 H).  
31P{1H}- NMR (162 MHz, CDCl3) δ 24.04 (s, 2P).  
1H {31P}-NMR (400 MHz, Chloroform-d) δ 4.16 – 4.06 (set of m, 8H), 2.33 (q, 

J = 7.4 Hz, 1H), 1.40 (d, J = 7.4 Hz, 3H), 1.28 (t, J = 7.1 Hz, 12H).  
13C NMR (101 MHz, Chloroform-d) δ 62.53 (d, J = 6.7 Hz), 31.06 (t, J = 136.2 

Hz), 16.39 (d, J = 1.7 Hz), 16.32 (d, J = 1.7 Hz), 10.19 (t, J = 6.2 Hz). 

 

2.4.4. Tetraethyl (2-(allylthio)ethane-1,1-diyl)bis(phosphonate) (BPSAL) 

In a 100 mL round bottom flask equipped with magnetic stirring bar, vinylidene bisphosphonate 

tetraethyl ester (VBP, 500 mg, 1.67 mmol) was dispersed in 2.5 mL CHCl3. Then allyl 

mercaptan (137µL, 1.67 mmol) and triethyl amine (12 µL, 5% in mol) were added to the 

solution. The apparatus was purged with nitrogen and the reaction mixture was refluxed for 

overnight. The resulting solution was cooled to room temperature and concentrated under 

rotavapor. The crude was dissolved in 10 mL CH2Cl2 and washed with deionized H2O (2x 25 

mL). The organic phase was dried with NaSO4 and precipitate was filtered and CH2Cl2 solvent 

was removed with rotavapor. The crude mixture was purified by flash  chromatography with1:1 

ethyl acetate/Methanol as eluent. The product was obtained as pale-yellow oil (556 mg, 1.51 

mmol, 89% yield).  
1H NMR (400 MHz, CDCl3) δ 5.75 (1H, td, J = 17.0, 8.5 Hz, 1H), 5.10 (dd, J = 

17.0, 1.5 Hz, 1H), 5.04 (dd, J = 9.9, 1.6 Hz, 1H), 4.14 – 4.06 (set of m, 8H), 

3.09 (d, J = 7.1 Hz, 2H), 2.91 (td, J = 16.2, 6.1 Hz, 2H), 2.49 (tt, J = 23.8, 6.1 

Hz, 1H), 1.25 (t, J = 7.1 Hz, 12H).  
31P {1H}- NMR (162 MHz, Chloroform-d) δ 21.58 (s, 2P). 
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1H {31P}-NMR (400 MHz, Chloroform-d) δ 5.83 – 5.68 (set of m, 1H), 5.11 (d, 

J = 15.9 Hz, 1H), 5.06 (d, J = 9.9 Hz, 1H), 4.21 – 4.10 (m, 10H), 3.13 (d, J = 

7.1 Hz, 2H), 2.95 (d, J = 6.1 Hz, 3H), 2.52 (s, 0H), 1.30 (t, J = 7.1 Hz, 14H). 
13C NMR (101 MHz, Chloroform-d) δ 134.08, 117.48, 62.87 (d, J = 6.6 Hz), 

62.72 (d, J = 6.7 Hz), 38.85 (t, J = 131.6 Hz), 35.81, 26.65 (t, J = 4.9 Hz), 

16.40 (d, J = 6.2 Hz). 

 

 

2.4.5. Tetraethyl (2-((3-hydroxypropyl)thio)ethane-1,1-diyl)bis(phosphonate)  (BPHPT) 
 

In a 100 mL round bottom flask, vinylidene bisphosphonate tetraethyl ester (VBP, 500 mg, 1.67 

mmol) was dispersed in 2.5 mL CHCl3. Then 3- mercapto-1-propanol (146 µL, 1.67 mmol) and 

triethyl amine (12 µL, 5% in mol) were added to the solution. The apparatus was purged with 

nitrogen and the reaction mixture was refluxed for overnight. The resulting solution was cooled 

to room temperature and concentrated with rotavapor. The crude was dissolved in 10 mL CH2Cl2 

and washed with deionized H2O (2x 25 mL). The organic phase was dried with NaSO4 and 

precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The crude mixture 

was purified by flash  chromatography with1:1 ethyl acetate/Methanol as eluent. The product 

was obtained as colorless liquid (619 mg, 1.58 mmol, 95% yield).  
 

1H NMR (400 MHz, Chloroform-d) δ 4.21 – 4.08 (set of m, 8H), 3.68 (t, J = 

5.9 Hz, 2H), 3.02 (td, J = 16.3, 5.9 Hz, 2H), 2.71 – 2.50 (set of m, 3H), 1.81 (p, 

J = 6.5 Hz, 2H), 1.31 (t, J = 7.1 Hz, 13H).  
31P {1H}- NMR (162 MHz, Chloroform-d) δ 21.6 (s, 2P). 
1H {31P}- NMR (400 MHz, , Chloroform-d) δ 4.17 – 4.09 (set of m, 8H), 3.69 – 

3.64 (t, 2H), 3.00 (d, J = 5.7 Hz, 2H), 2.65 (t, J = 6.9 Hz, 2H), 2.56 (t, J = 5.1 

Hz, 1H), 1.82 – 1.74 (p, 2H), 1.28 (t, J = 6.9 Hz, 12H).  
13C NMR (101 MHz, Chloroform-d) δ 63.06 (d, J = 6.9 Hz), 62.91 (d, J = 6.8 

Hz), 38.95 (t, J = 131.8 Hz), 31.90 (s), 29.41 (S), 27.68 (t, J = 4.8 Hz), 16.44 (d, 

J = 6.4 Hz). 

2.4.6a. Synthesis of 2-(Boc-amino) ethanethiol  

In a 500 mL round bottle flask equipped with magnetic stirring, a solution of 2-amino ethanol 

(200 mg, 2.6 mmol) in water (3 mL) and a THF solution of di-tert-butyl decarbonate (BOC)2O 

(597 µL, 2.6 mmol) were added. The reaction mixture was stirred under N2 atmosphere at room 

temperature for 4 h. Then solution was extracted with 10 mL of CH2Cl2 and washed twice with 

25 mL of water. The organic phase was dried with NaSO4 and precipitate was filtered. Then 

CH2Cl2 solvent was removed with rotavapor. The product was obtained as colorless liquid ((451 

mg, 2.49 mmol, 98% yield).  

1H NMR (400 MHz, Chloroform-d) δ 3.21 (q, J = 6.1 Hz, 2H), 2.56 (q, J = 8.0, 

7.3 Hz, 2H), 1.36 (s, 9H), 1.31 (t, J = 8.5 Hz, 1H). 
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2.4.6b. Tert-butyl (2-((2,2-bis(diethoxyphosphoryl)ethyl)thio)ethyl)carbamate (BPBAT) 

In a 100 mL round bottom flask, vinylidene bisphosphonate tetraethyl ester (VBP, 500 mg, 1.67 

mmol) was dispersed in 2.5 mL CHCl3. Then (2-boc-amino) ethanethiol (301 µL, 1.67 mmol) 

and triethyl amine (12 µL, 5% in mol) were added to the solution. The apparatus was purged 

with nitrogen and the reaction mixture was refluxed for overnight. The resulting solution was 

cooled to room temperature and concentrated with rotavapor. The crude was dissolved in 10 mL 

CH2Cl2 and washed with deionized H2O (2x 25 mL). The organic phase was dried with NaSO4 

and precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The crude 

mixture was purified by flash  chromatography with1:1 ethyl acetate/Methanol as eluent. The 

product was obtained as colorless liquid (678 mg, 1.42 mmol, 85% yield).   

1H NMR (400 MHz, Chloroform-d) δ 4.24 – 4.13 (set of m, 8H), 3.38 – 3.28 

(m, 2H), 3.03 (td, J = 16.5, 5.8 Hz, 2H), 2.68 (t, J = 6.2 Hz, 2H), 2.57 (tt, J = 

24.0, 5.9 Hz, 1H), 1.42 (s, 9H), 1.33 (t, J = 7.1 Hz, 12H).  

31P{1H}- NMR (162 MHz, Chloroform-d) δ 21.56 (s, 2P). 

1H {31P}- NMR (400 MHz, Chloroform-d) δ 4.26 – 4.11 (set of m, 8H), 3.32 

(set of m,  2H), 3.03 (d, J = 5.7 Hz, 2H), 2.68 (t, J = 6.1 Hz, 2H), 2.57 (t, J = 

5.8 Hz, 1H), 1.42 (s, 9H), 1.33 (t, J = 7.1 Hz, 12H).  

13C NMR (101 MHz, Chloroform-d) δ 63.09 (d, J = 6.7 Hz), 62.91 (d, J = 6.7 

Hz), 39.47 (s), 39.17 (t, J = 131.9 Hz), 33.53 (s), 28.52 (s), 27.51 (t, J = 4.9 

Hz), 16.50 (d, J = 6.2 Hz). 

2.4.6c. Tetraethyl (2-((2-aminoethyl)thio)ethane-1,1-diyl)bis(phosphonate) (BPAET) 

In a 100 mL round bottom flask, tetraethyl 2-{(2-boc-amino) ethanethiol} ethane-1,1-

diyldiphosphonate (BPBAT, 500 mg, 1.05 mmol) was added in 3 mL of CH2Cl2. Then 4 mL of 

trifluoracetic acid (TFA) was added slowly and the reaction mixture was left under stirred for 

one and half an hour at room temperature. The chloroform solvent was removed with rotavapor. 

The product was obtained as colorless liquid (388 mg, 1.03 mmol, 98% yield).  

1H NMR (400 MHz, Chloroform-d) δ 4.27 – 4.12 (set of m, 8H), 3.26 (set of m, 

2H), 3.06 (td, J = 17.2, 6.1 Hz, 2H), 2.96 (t, J = 6.0 Hz, 2H), 2.78 (tt, J = 24.4, 

6.0 Hz, 1H), 1.35 (t, J = 7.1 Hz, 12H). 

31P{1H}- NMR (162 MHz, Chloroform-d) δ 20.93 (s ,2p).  

1H {31P}-NMR (400 MHz, Chloroform-d) δ 4.20 (p, J = 7.1 Hz, 8H), 3.28 (set 

of m, 2H), 3.07 (d, J = 6.0 Hz, 2H), 2.96 (t, J = 5.9 Hz, 2H), 2.79 (t, J = 5.9 Hz, 

1H), 1.35 (t, J = 7.0 Hz, 12H).  

13C NMR (101 MHz, Chloroform-d) δ 64.47 (d, J = 7.1 Hz), 64.29 (d, J = 7.0 

Hz), 38.77 (s), 37.55 (t, J = 136.2 Hz), 30.25 (S), 27.07 (t, J = 5.0 Hz), 16.20 

(d, J = 5.6 Hz). 
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2.4.7. Benzyl 2-((2,2-bis(diethoxyphosphoryl)ethyl)thio)acetate (BPBTG)  

In a double neck 100 mL round bottle flask, sodium thioglycolate (250 mg, 2.19 mmol) was 

added in 3-4 mL of anhydrous DMF. The apparatus was purged with nitrogen gas immediately. 

Then benzyl bromide (260 mg, 2.19 mmol) and vinylidene bisphosphonate tetraethyl ester (VBP, 

657 mg, 2.19 mmol) were added in solution using needle without disturbing the inert atmosphere 

and the reaction mixture was left at 60oC for overnight. After that, molar equivalent amount of 

triethyl amine (300 µL) was added to the reaction mixture under inert atmosphere. Then the 

reaction mixture was left for 24h at 60oC. Then the reaction mixture was cooled to room 

temperature and diluted with 20 mL CH2Cl2 solvent. The organic phase was dried with NaSO4 

and precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The crude 

mixture was purified by flash chromatography with1:1 ethyl acetate/Methanol as eluent. The 

product was obtained as yellow liquid (739 mg, 1.53 mmol, 70% yield).  

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.27 (set of m, 5H), 5.15 (s, 2H), 

4.23 – 4.07 (set of m, 8H), 3.35 (s, 2H), 3.17 (td, J = 16.1, 6.0 Hz, 2H), 2.74 (tt, 

J = 24.0, 6.0 Hz, 1H), 1.31 (t, J = 7.1 Hz, 12H).  

31P{1H}-NMR (162 MHz, Chloroform-d) δ 21.27 (s, 2P).  

1H{31P}-NMR (400 MHz, Chloroform-d) δ 7.39 – 7.27 (set of m, 5H), 5.15 (s, 

2H), 4.16 (q, J = 7.0 Hz, 8H), 3.35 (s, 2H), 3.17 (d, J = 6.0 Hz, 2H), 2.74 (t, J = 

6.0 Hz, 1H), 1.31 (t, J = 7.1 Hz, 12H).  

13C NMR (101 MHz, Chloroform-d) δ 128.70 (s), 128.50 (s), 128.39 (s), 67.26 

(s), 63.19 (d, J = 6.6 Hz), 63.03 (d, J = 6.7 Hz), 38.64 (t, J = 131.8 Hz), 34.88 

(s), 28.81 (t, J = 4.9 Hz), 16.45 (d, J = 6.2 Hz). 

 

2.4.8.Tetraethyl (2-(pentamethylene dimercaptan) ethane-1,1-diyl)bis(phosphonate) (BPPMD) 

In a 100 mL round bottom flask, vinylidene bisphosphonate tetraethyl ester (VBP, 500 mg, 1.67 

mmol) was dispersed in 2.5 mL CHCl3. Then 1,5 pentane dithiols (224 µL, 1.67 mmol) and 

triethyl amine (12 µL, 5% in mol) were added to the solution. The apparatus was purged with 

nitrogen and the reaction mixture was refluxed for overnight. The resulting solution was cooled 

to room temperature and concentrated under rotavapor. The crude was dissolved in 10 mL 

CH2Cl2 and washed with deionized H2O (2x 25 mL). The organic phase was dried with NaSO4 

and precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The product was 

obtained as colorless liquid (704 mg, 1.63 mmol, 98% yield).  

 

1H NMR (400 MHz, Chloroform-d) δ 4.21 – 4.11 (set of m, 8H), 2.99 (td, J = 

16.3, 5.9 Hz, 2H), 2.55 – 2.45 (set of m, 5H), 1.63-1.57 (set of m, 4H), 1.51 – 

1.39 (set of m, 2H), 1.30 (t, J = 7.1 Hz, 13H).   

31P{1H}-NMR (162 MHz, Chloroform-d) δ 21.67 (s, 2P).  
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 1H{31P}-NMR (400 MHz, Chloroform-d) δ 4.24 – 4.09 (set of m, 8H), 2.99 (d,   

J = 5.9 Hz, 2H), 2.58 – 2.42 (set of m, 5H), 1.61-1.53 (set of m, 4H), 1.51 – 

1.39 (set of m, 2H), 1.30 (t, J = 7.1 Hz, 13H).  
13C NMR (101 MHz, Chloroform-d) δ 62.94 (d, J = 6.6 Hz), 62.78 (d, J = 6.7 

Hz), 39.15 (t, J = 131.5 Hz), 33.58 (s), 33.43 (s), 28.87 (s), 27.83 (t, J = 4.9 

Hz), 27.54 (s), 24.49 (s), 16.44 (d, J = 6.2 Hz). 

 

2.4.9. Tetraethyl 2-(octamethylene dimercaptan) ethane-1,1 diyl)bis(hosphonate (BPOMD) 

In a 100 mL round bottom flask, vinylidene bisphosphonate tetraethyl ester (VBP, 500 mg, 1.67 

mmol) was dispersed in 2.5 mL CHCl3. Then 1,8 octane dithiols (297 µL, 1.67 mmol) and 

triethyl amine (12 µL, 5% in mol) were added to the solution. The apparatus was purged with 

nitrogen and the reaction mixture was refluxed for overnight. The resulting solution was cooled 

to room temperature and concentrated under rotavapor. The crude was dissolved in 10 mL 

CH2Cl2 and washed with deionized H2O (2x 25 mL). The organic phase was dried with NaSO4 

and precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The product was 

obtained as colorless liquid (766 mg, 1.60 mmol, 96% yield).  

                                              

1H NMR (400 MHz, Chloroform-d) δ 4.24 – 4.09 (set of m, 8H), 3.00 (td, 

J = 16.0, 5.6 Hz, 2H), 2.59 – 2.43 (set of m, 5H), 1.56 (set of m, 4H), 1.39 

– 1.23 (set of m, 21H).  
31P{1H}-NMR (162 MHz, Chloroform-d) δ 21.72 (s, 2P).  
1H{31P}- NMR (400 MHz, Chloroform-d) δ 4.24 – 4.09 (set of m, 8H), 

3.00 (d, J = 5.9 Hz, 2H), 2.57 – 2.44 (set of m, 5H), 1.63 – 1.49 (set of m, 

4H), 1.39 – 1.23 (set of m, 21H).  
13C NMR (101 MHz, Chloroform-d) δ 62.96 (d, J = 6.6 Hz), 62.80 (d, J = 

6.7 Hz), 39.18 (t, J = 131.5 Hz), 34.04 (s), 33.20 (s), 29.44 (s), 29.15 (s) , 

28.99 (s) , 28.83 (s), 28.33 (s) , 27.85 (t, J = 4.9 Hz), 24.67 (s) , 16.45 (d, J 

= 6.2 Hz). 

 

2.4.10. Tetraethyl (2-(1-hexadecane thiol) ethane-1,1 diyl)bis(phosphonate) (BPHDT) 

In a 100 mL round bottom flask, vinylidene bisphosphonate tetraethyl ester (VBP, 500 mg, 1.67 

mmol) was dispersed in 2.5 mL CHCl3. Then 1-hexadecane thiol (508 µL, 1.67 mmol) and 

triethyl amine (12 µL, 5% in mol) were added to the solution. The apparatus was purged with 

nitrogen and the reaction mixture was refluxed for overnight. The resulting solution was cooled 

to room temperature and concentrated under rotavapor. The crude was dissolved in 10 mL 

CH2Cl2 and washed with deionized H2O (2x 25 mL). The organic phase was dried with NaSO4 

and precipitate was filtered. Then CH2Cl2 solvent was removed with rotavapor. The product was 

obtained as colorless liquid (866 mg, 1.55 mmol, 93% yield).  
 

 1H NMR (400 MHz, Chloroform-d) δ 4.20 – 4.11 (set of m, 

8H), 2.99 (td, J = 16.3, 5.9 Hz, 2H), 2.57 – 2.43 (set of m, 
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3H), 1.60 – 1.49 (set of m, 2H), 1.30 (t, J = 7.1 Hz, 12H), 

1.21 (set of m , 26H), 0.87 – 0.79 (t, J = 6.8 Hz, 3H).  
                                                                                                              31P{1H}- NMR (162 MHz, Chloroform-d) δ 21.75 (s, 2P).  
 1H{31P}-NMR (400 MHz, Chloroform-d) δ 4.24 – 4.13 (set of m, 8H), 3.02 (d, J = 5.9 Hz, 2H), 2.59 – 

2.47 (set of m, 2H), 1.64 – 1.51 (set of m, 2H), 1.33 (t, J = 7.1 Hz, 12H), 1.24 (set of m, 26H), 0.86 (t, J = 

6.8 Hz, 3H).  
13C NMR (101 MHz, Chloroform-d) δ 62.97 (d, J = 6.7 Hz), 62.82 (d, J = 6.7 Hz), 39.24 (t, J = 131.4 

Hz), 33.27 (s), 32.02 (s), 30.99(s), 29.79(s), 29.45(s), 29.00(s), 27.88 (t, J = 5.0 Hz), 22.78(s), 16.48 (d, J 

= 6.3 Hz), 14.20 (s). 

 

2.4.11. Methylene Bis-phosphonic Acid (MBP, 1a)  

In a 100 mL round bottom flask equipped with magnetic stirring bar, methylene bisphosphonate 

tetraethyl ester (500 mg, 1.78 mmol) was added in 4-5 mL C2H4Cl2 solvent. Then 

bromotrimethylsilane (Si (CH3)3Br, 3.46 mL, 26.7 mmol) was added quickly to the solution. The 

mixture was refluxed under nitrogen atmosphere for an hour and a half. Then the flask was 

putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent mixture (10 ml 

MeOH + 1 mL distilled water) was added to the flask and the reaction mixture was left stirred for 

1h.  After that, the solvent was remover with rotavapor. The product was obtained as colorless 

liquid (306 mg, 1.74 mmol, 98% yield). 

1H NMR (400 MHz, Deuterium Oxide) δ 2.12 (t, J = 20.9 Hz, 2H). 

 31P{1H}- NMR (162 MHz, Deuterium Oxide) δ 18.18 (s, 2P).  

1H{31P}- NMR (400 MHz, Deuterium Oxide) δ 2.14 (s, 2H).  

  13C NMR (101 MHz, Deuterium Oxide) δ 26.59 (t, J = 130.2 Hz).  

2.4.12. Ethan-1,1-diylbis(phosphonic Acid (EBP, 1b) 

In a 100 mL round bottom flask equipped with magnetic stirring bar, ethylene bisphosphonate 

tetraethyl ester (350 mg, 1.76 mmol) was added in 3 mL C2H4Cl2 solvent. Then 

bromotrimethylsilane (Si(CH3)3Br, 2.25 mL, 17.4 mmol) was added quickly to the solution. The 

mixture was refluxed under nitrogen atmosphere for an hour and a half. Then the flask was 

putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent mixture (10 ml 

MeOH + 1 mL distilled water) was added to the flask and the reaction mixture was left stirred for 

1h.  After that, the solvent was remover with rotavapor. The product was obtained as colorless 

liquid (326 mg, 1.72 mmol, 98% yield).  

1H NMR (400 MHz, Deuterium Oxide) δ 2.46 – 2.26 (m, 1H), 1.37 (td, J = 

17.4,.4 7Hz, 3H).  
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31P{1H}- NMR (162 MHz, Deuterium Oxide) δ 22.98 (s).  

1H{31P}-NMR (400 MHz, Deuterium Oxide) δ 2.46 – 2.29 (m, 1H), 1.39 (d, J = 

6.9 Hz, 3H).  

13C NMR (101 MHz, Deuterium Oxide) δ 31.71 (t, J = 129.3 Hz), 9.37 (t, J = 

5.5 Hz). 

2.4.13. 2-((3-hydroxypropyl) thiol)ethane-1,1- diyl)bis(phosphonic acid (BPHPT, 1c)  
 

In a 100 mL round bottom flask equipped with magnetic stirring bar, ethylene bisphosphonate 

tetraethyl ester (500 mg, 1.28 mmol) was added in 4 mL C2H4Cl2 solvent. Then 

bromotrimethylsilane (Si(CH3)3Br, 2.48 mL, 19.2 mmol) was added quickly to the solution. The 

mixture was refluxed under nitrogen atmosphere for an hour and a half. Then the flask was 

putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent mixture (10 ml 

MeOH + 1 mL distilled water) was added to the flask and the reaction mixture was left stirred for 

1h.  After that, the solvent was remover with rotavapor. The product was obtained as colorless 

liquid (354mg, 1.27 mmol, 99% yield).  

1H NMR (400 MHz, Deuterium Oxide) δ 3.66 (t, 2H), 3.04 (td, J = 16.0, 6.4 

Hz, 2H), 2.68 (t, J = 7.3 Hz, 2H), 2.55 (tt, J = 23.0, 6.4 Hz, 1H), 1.90 – 1.77 

(set of m, 2H).  

31P{1H}- NMR (162 MHz, Deuterium Oxide) δ 19.73 (s,2P).  

1H{31P} NMR (400 MHz, Deuterium Oxide) δ 3.69 (t, J = 6.1 Hz, 2H), 3.08 – 

3.02 (d, J = 6.1, 2H), 2.69 (t, J = 7.1 Hz, 2H), 2.56 (t, J = 6.4 Hz, 1H), 1.90 – 

1.80 (set of m, 2H).  

13C NMR (101 MHz, Deuterium Oxide) δ 60.31 (s), 48.85 (s), 39.11 (t, J = 

123.7 Hz), 30.87 (s), 28.41 (s), 27.13 (t, J = 4.2 Hz).  

2.4.14. (2-((2-aminoethyl)thio)ethane-1,1-diyl)bis(phosphonic acid) (AETI, 1d) 

In a 100 mL round bottom flask equipped with magnetic stirring bar, tetraethyl 2-(amino 

ethanethiol) ethane-1,1-diyldiphosphonate (500 mg, 1.32 mmol) was added in 4 mL C2H4Cl2 

solvent. Then bromotrimethylsilane (Si(CH3)3Br, 2.57 mL, 19.87 mmol) was added quickly to 

the solution. The mixture was refluxed under nitrogen atmosphere for an hour and a half. Then 

the flask was putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent 

mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and the reaction mixture 

was left stirred for 1h.  After that, the solvent was remover with rotavapor. The product was 

obtained as colorless liquid (332 mg, 1.25 mmol, 95% yield).  
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1H NMR (400 MHz, DMSO-d6) δ 3.06 – 2.97 (set of m, 2H), 2.92 (td, J 

= 15.4, 5.8 Hz, 2H), 2.77 (t, J = 6.6 Hz, 2H), 2.34 (tt, J= 22.3, 5.8 Hz, 

1H).  

31P{1H}- NMR (162 MHz, DMSO-d6) δ 18.45 (s, 2P).  

 

2.4.15. 2-((2,2-diphosphonoethyl)thio)acetic acid (BPSC,1e)  

In a 100 mL round bottom flask equipped with magnetic stirring bar, tetraethyl 2-(benzyl 

thioglycolate) ethane-1,1-diyldiphosphonate (500 mg, 1.04 mmol) was added in 4 mL C2H4Cl2 

solvent. Then bromotrimethylsilane (Si(CH3)3Br, 2.02 mL, 15.60 mmol) was added quickly to 

the solution. The mixture was refluxed under nitrogen atmosphere for an hour and a half. Then 

the flask was putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent 

mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and the reaction mixture 

was left stirred for 1h.  After that, the solvent was remover with rotavapor. The product was 

obtained as colorless liquid (285 mg, 1.02 mmol, 98% yield).  

1H NMR (400 MHz, Deuterium Oxide) δ 3.47 (s, 2H), 3.12 (td, J = 15.9, 6.5 

Hz, 2H), 2.61 (tt, J = 22.9, 6.5 Hz, 1H).  

31P{1H}- NMR (162 MHz, Deuterium Oxide) δ 19.22 (s,2P). 

 

2.4.16. (2-(allylthio)ethane-1,1-diyl)bis(phosphonic acid) (BPSAL, 1f) 
 

In a 100 mL round bottom flask equipped with magnetic stirring bar, tetraethyl 2-(2-propene-1- 

thiol) ethane-1,1-diyldiphosphonate (200 mg, 1.29 mmol) was added in 4 mL C2H4Cl2 solvent. 

Then bromotrimethylsilane (Si(CH3)3Br, 2.50 mL, 19.35 mmol) was added quickly to the 

solution. The mixture was refluxed under nitrogen atmosphere for an hour and a half. Then the 

flask was putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent 

mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and the reaction mixture 

was left stirred for 1h.  After that, the solvent was remover with rotavapor. The product was 

obtained as colorless liquid (324 mg, 1.24 mmol, 96% yield). 

1H NMR (400 MHz, Deuterium Oxide) δ 5.80 (td, J = 17.2, 7.2 Hz,       

1H), 5.19 (q, J = 1.2 Hz, 1H), 5.12 (d, J = 11.6 Hz, 1H), 3.19 (d, J = 7.2 

Hz, 2H), 2.94 (td, J = 15.9, 6.6 Hz, 2H), 2.55 (tt, J = 23.1, 6.6 Hz, 1H).  

31P{1H}-NMR (162 MHz, Deuterium Oxide) δ 19.84 (s).  

1H{31P} NMR (400 MHz, Deuterium Oxide) δ 5.81 (dt, J = 17.1, 7.4 Hz, 

1H), 5.20 (s, 1H), 5.14 (d, J = 10.9 Hz, 1H), 3.20 (d, J = 7.2 Hz, 2H), 2.95 

(d, J = 6.5 Hz, 2H), 2.57 (t, J = 6.5 Hz, 1H).  
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13C NMR (101 MHz, Deuterium Oxide) δ 133.73 (s), 117.84 (s), 38.80 (t, 

J = 125.2 Hz), 34.59 (s), 25.94 (t, J = 4.2 Hz).  

2.4.17. (2- (pentamethylene dimercaptan)ethane-1,1- diyl)bis(phosphonic Acid) (BPPMD, 1g) 
 

In a 100 mL round bottom flask equipped with magnetic stirring bar tetraethyl 2-( 

pentamethylene dimercaptan) ethane-1,1-diyldiphosphonate (500 mg, 1.15 mmol) was added in 

4 mL C2H4Cl2 solvent. Then bromotrimethylsilane (Si(CH3)3Br, 2.23 mL, 17.25 mmol) was 

added quickly to the solution. The mixture was refluxed under nitrogen atmosphere for an hour 

and a half. Then the flask was putted into high vacuum with N2 for 1 h. Then vacuum was 

removed and solvent mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and 

the reaction mixture was left stirred for 1h.  After that, the solvent was remover with rotavapor. 

The product was obtained as colorless liquid (358 mg, 1.10 mmol, 96% yield). 

1H NMR (400 MHz, Deuterium Oxide) δ 2.99 (td, J = 16.1, 6.4 Hz, 

2H), 2.63 – 2.56 (set of m, 4H), 2.57 – 2.43 (set of m, 1H), 1.58 (set of 

m, 4H), 1.45 (set of m, 2H).  

31P{1H} NMR (162 MHz, Deuterium Oxide) δ 19.88 (s,2P).  

1H{31P}-NMR (400 MHz, Deuterium Oxide) δ 3.02 (d, J = 4.6 Hz, 2H), 

2.62 (t, J = 7.1 Hz, 1H), 2.55 (set of m, 4H), 1.62 (set of m, 4H), 1.48 

(set of m 2H).  

13C NMR (101 MHz, Deuterium Oxide) δ 39.26 (t, J = 124.7 Hz), 

32.52 (s), 31.89 (s), 28.01 (t, J = 4.9 Hz), 27.08 (s), 26.67 (s), 23.64 (s). 

 

2.4.18. (2-(octamethylene dimercaptan)ethane-1,1- diyl)bis(phosphonic Acid) 1h 

In a 100 mL round bottom flask equipped with magnetic stirring bar tetraethyl 2-( octamethylene 

dimercaptan) ethane-1,1-diyldiphosphonate (500 mg, 1.05 mmol) was added in 4 mL C2H4Cl2 

solvent. Then bromotrimethylsilane (Si(CH3)3Br, 2.03 mL, 15.75 mmol) was added quickly to 

the solution. The mixture was refluxed under nitrogen atmosphere for an hour and a half. Then 

the flask was putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent 

mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and the reaction mixture 

was left stirred for 1h.  After that, the solvent was remover with rotavapor. The product was 

obtained as colorless liquid (365 mg, 0.99 mmol, 95% yield).  

1H NMR (400 MHz, DMSO-d6) δ 2.84 (td, J = 15.8, 5.9 Hz, 

2H), 2.66 (t, J = 7.1 Hz, 2H), 2.53 – 2.43 (m, 2H), 2.19 (tt, J = 

22.9, 5.8 Hz, 1H), 1.64 – 1.54 ( set of m, 2H), 1.49 (p, J = 6.8 

Hz, 2H), 1.38 – 1.19 (set of m, 9H).  

31P{1H} NMR (162 MHz, DMSO-d6) δ 18.97.  

1H {31P} NMR-(400 MHz, DMSO) δ 2.98 (d, J = 5.9 Hz, 2H), 

2.84 (m, 2H), 2.71 – 2.54 (m, 3H), 1.59 (m, 4H), 1.27 (m, 9H).  
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13C NMR (101 MHz, DMSO-d6) δ 35.84 (s), 29.36 (s), 28.61 (s), 28.50 (s), 28.15 (s, J = 9.3 Hz), 27.40 (t, 

4.9 Hz), 23.69 (s).  

2.4.19. (2-(1-hexadecane thiol)ethane-1,1- diylbis(phosphonic Acid) (BPHDT, 1k) 

In a 100 mL round bottom flask equipped with magnetic stirring of tetraethyl 2-(1-hexadecane 

thiol) ethane-1,1-diyldiphosphonate (500 mg, 0.89 mmol) was added in 4 mL C2H4Cl2 solvent. 

Then bromotrimethylsilane (Si(CH3)3Br, 1.74 mL, 13.35 mmol) was added quickly to the 

solution. The mixture was refluxed under nitrogen atmosphere for an hour and a half. Then the 

flask was putted into high vacuum with N2 for 1 h. Then vacuum was removed and solvent 

mixture (10 ml MeOH + 1 mL distilled water) was added to the flask and the reaction mixture 

was left stirred for 1h.  After that, the solvent was remover with rotavapor. The product was 

obtained as white liquid (381 mg, 0.85 mmol, 95% yield). 

1H NMR (400 MHz, DMSO-d6) δ 2.85 (td, J = 15.7, 6.0 

Hz, 2H), 2.16 (tt, J = 23.4, 6.0 Hz, 1H), 1.49 (p, J = 7.1 

Hz, 2H), 1.22 (set of m, 28H), 0.83 (t, J = 6.7 Hz, 3H). 

31P{1H}-NMR (162 MHz, DMSO-d6) δ 18.85 (s,2P). 

1H{31P} NMR (400 MHz, DMSO-d6) δ 2.85 (d, J = 5.9 

Hz, 2H), 2.16 (t, J = 5.9 Hz, 1H), 1.54 – 1.43 (set of m, 

2H), 1.22 (set of m, 28H), 0.83 (t, J = 6.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 32.12 (s), 31.48 (s), 29.22 (s), 29.18(s), 29.11(s), 28.88(s), 28.46 (s), 

22.2 (s), 14.15 (s). 
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Synthesis of Metal Oxide Nanoparticles 

3.1. Synthesis of ZrNPs: 

The synthesis of mesoporous zirconia nanoparticles (MZNs) was adapted from the procedure 

proposed by Gabriele et al. [267] Briefly, the starting material was zirconium propoxide 

precursor and working at room temperature. The hexadecyl amine surfactant was dissolved in 

ethanol, then a correct quantity of distilled water and NaF solution were added to the surfactant 

solution and left it vigorous stirring at r.t. The precursor mixed with ethanol was added dropwise 

into surfactant solution under vigorous stirring. After overnight synthesis three EtOH washing 

cycles were performed. The dried powder was put into a Teflon bomb and heated at 170oC for 16 

h with 6.25 ml of water and 12.5 ml of EtOH per gram of powder. The recovered powder was 

subjected to a heat vacuum extraction process at 120oC, to extract the surfactant without 

structural modifications. [268] The preferred molar ratio of the reagents ZP: EtOH: H2O: NaF: 

HDA was 1: 750: 20: 0.02: 2. 

3.2. ZrNPs Characterization:  

Mesoporous Zirconia nanoparticles ZrNPs were successfully prepared by a neutral surfactant 

assisted sol-gel method in combination with NaF. It is worth to note that in order to obtain ZrNPs 

with a large surface area, while preserving the porosity, the surfactant was removed at 120°C in a 

vacuum extraction process rather than by calcination. The nanoparticles obtained by this method 

were spherical as observed by SEM and TEM analyses, monodispersed (with a mean diameter of 

200±30 nm, Figure 4.2 C) and amorphous. The isotherms display the type IV profile with a H1 

hysteresis loop (according to the IUPAC classification) which is typical for mesoporous 

materials. The surface area determined by BET equation was in the range 200-350 m2/g with a 

pore volume of 0.3 cm3/g and pore diameter distribution centred at 4.5 nm determined following 

the BJH equation. For this reason, these ZrNPs have the capability to host several types of 

molecules. 
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Figure 3.1. Characteristic adsorption–desorption curves of ZrNPs sample. The right-side graph shows the 

pore distribution curve. 

 

Figure 3.2: FE- SEM image of ZrNPs (left) & size distribution (<d>=200±30 nm) (right) 

 

 

 

Figure 3.3: TEM image of as-synthesized ZrNPs  
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3.3. Synthesis of TiNPs: 

In a typical process, certain amount of HDA was dissolved in 150 mL of anhydrous EtOH. Then 

0.037 mol MilliQ water and 0.00185 mol KCl were added to the HAD solution. While the above 

mixture was being continuously stirred at room temperature, 3.7 mL of precursor Titanium 

isopropoxide (TIP) was dissolved into 22.25 ml EtOH. The precursor then added to the HAD 

solution with continuous stirring and left the mixture for overnight. The milky white suspension 

then washed with ethanol three times, then dried in air at room temperature. After that, the dried 

samples were transferred into a Teflon-lined autoclave and heated at 160oC for 16h by 

hydrothermal treatment with 30ml EtOH and 15ml H2O per gram of powder. Finally, the 

recovered powder was subjected to a heat vacuum extraction process at 120oC, to extract the 

HDA.  The preferred molar ratio of the reagents TIP: HAD: EtOH: H2O: KCl: was 1:1: 236.5: 3: 

5.5x10-3. 

3.4 Characterization of TiNPs 

As long as TiO2 NPs are concerned, these were prepared following literature procedures 

obtaining the material with an average size of 100 nm and average surface area of 17 m2/g.  

 

 

Figure 3.4: SEM image, XRD patterns, Particles size distribution.and N2- adsorption–desorption curves of 

TiNPs. 
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XRD patterns of TiNPs. The XRD peaks in the wide angle range of 2θ (20° < 2θ < 90°) 

ascertained that the peaks in 25.267°, 37.823°, 37.909°, 48.158°, 54.051°, 55.204°, 62.867°, 

68.976°, 70.479°, 75.303°, and 82.926° can be attributed to the 101, 103, 004, 112, 200, 105, 

211, 204, 116, 220, 215, and 224 crystalline structures of tetragonal anatase synthesized TiNPs, 

respectively, (Anatase XRD JCPDS Card no. 78-2486).  

3.5 Synthesis of FeNPs 

The iron oxide nanoparticles were prepared according to an adapted co-precipitation method 

[289] Namely, a solution of both iron(II) and iron(III) chloride (50 and 100 mmol respectively) 

in 300 mL of deionised water were treated with ammonium hydroxide (25% NH3 solution) under 

vigorous mechanical stirring until pH 11. The black precipitate was separated magnetically, 

washed with deionized water (2 x 50 mL) and with ethanol (2 x 50 mL), and dried under 

vacuum. The Fe3O4 nanoparticles obtained showed an average size of 5.4 nm and a surface area 

of 176 m2/g [290]. 

3.6 Synthesis of SiNPs &BiNPs: Silica and Bismuth oxide nanoparticles were collected from 

other member of our research group. 

3.7 Characterization of BiNPs: 

Due to its emerging interest in nanotechnology, we further investigated the interaction of 1a with 

Bi2O3 NPs that were prepared following some literature procedures leading to the formation of 

solid non-porous NPs characterized by an average size of 123 nm and average surface area of 

about 15 m2/g. 

 

Figure 3.5: SEM image, Particle size distribution form DLS of BiNPs  

 

 

 



104 
 

Interaction of bis-phosphonic acid with Metal Oxide 

In this part we introduce a versatile approach for the modification of the superficial properties of 

zirconia and other metal oxides (titania, silica, bismuth) based on the employment of a family of 

bis-phosphonic acids as synthesized in chapter 2 as derivatizing species. The latter organic 

molecules can be endowed with specific lateral functional groups such as amino, carboxy, cheto, 

thiol and many others and the interaction of the bisphosphonates with zirconia nanoparticles is 

efficient with high coverage of the oxide surface and stable over a wide range of pH. We further 

apply same procedure for others metal oxides. 

4. Results and Discussion 
  

4.1 Analysis and study of the interaction between buffer solutions and inorganic NPs 

In order to quantitatively determine the interaction between the inorganic supports in analysis 

and the bis- and mono-phosphonic organic molecules in different buffered systems, preliminary 

tests have been carried out such as to show or not a possible affinity between the buffers and the 

zirconia, titania, silica and bismuth nanoparticles. Each buffer system formulated in deuterated 

water, such as acetic acid / sodium acetate (Acetate), MES, HEPES, TRIZMA and CAPS of 

25mM concentration (Figure.4.1). 1H NMR reference analysis was performed using the 

"BRUKER Advance" spectrometer 400 "operating 32 scans in D2O and applying solvent 

suppression (such as not to identify in the spectrum the intense signal of non-deuterated water (at 

4.79ppm) present in solution). Subsequently, 1mL of buffer solution in D2O and 10mg of 

nanoparticles were added respectively in different vials. All the samples were stirred for a time 

interval of 24h by magnetic stirrer (600 rcf) and at the end of this interval centrifuged at 12000 

rcf for ten minutes. The supernatant was analyzed in NMR using the same procedure described 

above. Once the analyzes on each sample were completed, a pH measurement was performed to 

verify if the addition of the support has modified this parameter. 

 

Figure 4.1: Graphical representation of the buffers used: (a) Acetic acid / sodium acetate; (b) MES; (c) 

HEPES; (d) TRIZMA; (e) CAPS 
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4.1.1 Buffer-Zirconia interaction (ZrO2) 

Following the addition of zirconia, the characteristic signals of each molecule have undergone a 

displacement at lower ppm (signal shielding) and a weak decrease in intensity (Figure 4.5). 

These phenomena allow us to consider a possible interaction between the buffers and the 

zirconia nanoparticles (ZrNPs). Table 1 shows the chemical shift values (δ) reported for each 

buffer under examination before and after the addition of the support and the Δδ calculated on 

the most significant signals present in the relative pairs of spectra (Figure.4.2). 

 

 δ (ppm)   

 Buffer     Buffer + Support Δδ Δδ average 

Acetate pH 4.0 1,992 1,895 -0,097 -0,097 

MES pH 5.5 

3,894 3,788 -0,106 

-0,107 

3,397 3,288 -0,109 

3,301 3,196 -0,105 

3,289 3,184 -0,105 

3,28 3,174 -0,106 

3,226 3,116 -0,11 

HEPES pH 7.0 

3,817 3,717 -0,100 

-0,099 

3,804 3,703 -0,101 

3,789 3,689 -0,100 

3,082 2,98 -0,102 

3,016 2,923 -0,093 

2,919 2,819 -0,100 

TRIZMA pH 8.8 3,490 3,408 -0,082 -0,082 

CAPS pH 10.0 

3,044 3,010 -0,034 

-0,068 

3,025 2,991 -0,034 

3,005 2,971 -0,034 

2,952 2,862 -0,090 

2,934 2,844 -0,090 

2,914 2,825 -0,089 

2,016 1,945 -0,071 

1,997 1,926 -0,071 

1,978 1,907 -0,071 

1,727 1,651 -0,076 

1,576 1,484 -0,092 

1,209 1,146 -0,063 

Table 1 Chemical Shift related to the characteristic signals of the buffers examined before and after the 

addition of zirconia 

The negative values expressed by Δδ are indicative of the shielding of the signals generated by 

the addition of zirconia, regardless of the pH value. This indicates that the effect of ZrNPs is to 
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increase the electronic density of the species in solution. As mentioned below, the surface of the 

NPs varies according to the pH and is clearly positive at low pH and clearly negative to the basic 

ones. Comparing the Δδ values for the various types of H atoms in the different buffers is 

observed as for MES and HEPES (and partly in that of CAPS) these values are almost constant 

indicating a uniform shielding of all the signals of the sample. 

 

 

Figure 4.2: Δδ as a function of the pH of the respective buffers 

As the pH increases, the separation between the pre and post-zirconia signals decreases (except 

for acetate). Using the "ERETIC" function present in the "BRUKER Advance 400" NMR 

spectrometer program it was possible to quantitatively determine the interaction between the 

buffers and the support by measuring the buffer concentration remaining in solution after 

interaction with the nanoparticles (Tab.2). The one of greatest intensity relative to the buffer was 

used as the reference signal before the addition of the NPs (initial concentration equal to 25mM). 

If there were no defined characteristic signals (both ends of the signal must intersect the base 

line) they were used as a reference for the multiplexes. The following table shows the results 

obtained: 

 
 Signal δ (ppm) Buffer (mM) Buffer + Support (mM) % 

CAPS pH 10.0 

Triplet  3,07-2,99 25,00 24,88 0 

Multiplate  2,99-2,86 25,00 25,29 -1 

Multiplate  2,05-1,90 25,00 24,87 1 

Multiplate  1,79-1,67 25,00 24,82 1 

Multiplate  1,63-1,54 25,00 24,82 1 

Multiplate  1,32-1,04 25,00 25,13 -1 

TRIZMA pH 8.8 singlet 3,49 25,00 22,61 10 
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HEPES pH 7.0 
triplet 3,86-3,76 25,00 25,96 -4 

Multiplate  2,50-3,50 25,00 25,90 -4 

MES pH 5.5 Singlet  4,03-3,77 25,00 25,4 -2 

Acetate pH 4.0 singlet 2,04-1,92 25,00 23,88 4 

Table 2 Experimental results related to quantitative determination of the ZrO2 buffer interaction 

In agreement with the experimental data, the hypothesis formulated to express these results takes 

into consideration the different type of interaction between the zirconia nanoparticles at the 

different pH and the buffers and the chelating character of the latter molecules with respect to the 

hydroxyl groups and metallic atoms present on the surface of the NPs. Zirconia in an acid 

environment is characterized by a positive surface charge (positive Z potential, Figure 4.3) while 

at basic pH from negative Z potential values. At operating pH, the amine, sulfonic and hydroxyl 

functions can be in cationic, anionic or neutral form (acid-base equilibrium dependent on the 

pKa of the individual buffers) determining a possible interaction with the supporting NPs. The 

simultaneous presence of negative or positive charges in both species, however, would result in 

less interaction. 

 

 

 

 

 

 

 

Figure 4.3 Measurements of the potential Z relative to the nanoparticles of ZrO2 as a function of pH 

 

Figure 4.4 Graphical representation of the surface structure of the ZrNPs and of the possible types of 

interactions with the functionality of the buffers 

pH Zeta P. ZrNPs 

(mV) 

4.6 14.3 

5.9 10.7 

7.3 -7.9 

8.5 -25.4 

9.9 -31.4 
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The surface structure of zirconia has numerous hydroxyl groups and zirconium atoms (Lewis 

acid) which can interact with the functionalities present in the buffer molecules establishing 

hydrogen and coordination bonds, as shown in Figure 4.4. The strength of these bonds (and the 

consequent greater interaction) is determined by the number of reagent sites of both species 

(buffer-NPs) and by the coordinating capacity of the functional groups of the buffer. 

 

 

Figure 4.5 1H NMR spectra (400MHz, D2O) related to the buffers examined first (A) and then (B) the 

addition of zirconia: (a) 25mM acetate pH 4.0. (b) MES 25mM pH 5.5. (c) HEPES 25mM pH 7.0. (d) 

TRIZAN 25mM pH 8.8. (e) CAPS 25mM pH 10.0. 
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The Acetate, HEPES and TRIZMA molecules present respectively one, two and three hydroxyl 

units, which can interact with the analogous surface groups of the NPs, characterizing an 

increasing structural stability the hypotheses formulated are confirmed by the experimental 

results reported in Tab.2. The percentages expressed represent the percentage amount of buffer 

that has interacted with the support. leading to the decrease in concentration in solution 

detectable by 1H NMR analysis. Percentages less than 5% are not attributable to a support-buffer 

interaction as they coincide with the measurement error. Considering the instrumental error, it is 

possible to confirm an interaction (even if not excessive) of the TRIZMA buffer with the 

zirconia NPs. Once the analyzes on each sample were completed, a pH measurement was 

performed. From the results obtained we can confirm that the pH did not change following the 

addition of zirconia as evidence of the weak interaction between the buffer system and 

nanoparticles. 

 

4.1.2 Silica-buffer interaction (SiO2) 

Preliminary tests performed on silica nanoparticles (SiNPs) were performed only on three of the 

five previously tested buffer solutions, one with Acetate acid pH, one HEPES neutral and one 

basic TRIZMA. Following the addition of the NPs, the 1H NMR signals characteristic of the 

buffer molecules have undergone a major chemical shift, with the exception of the acetic acid / 

sodium acetate solution, indicating a signal de-shielded and a weak decrease in intensity (Figure 

4.8). Such phenomena, as in the case of zirconia, allow to consider a possible interaction 

between the buffers and the supporting nanoparticles. Table 3 shows the values of chemical shift 

(δ) detected for each molecule under examination before and after the addition of silica (the 

values of Δδ calculated on the most significant signals present in the relative pairs of spectra are 

also shown (Figure 4.6).  
δ (ppm) 

  

 
Buffer   Buffer + Support   Δδ Δδ average 

Acetate pH 4.0 1,992 1,991 -0,001 -0,001 

HEPES pH 7.0 3,824 3,839 0,015 0,013 

3,811 3,826 0,015 

3,797 3,812 0,015 

3,085 3,090 0,005 

2,927 2,942 0,015 

TRIZMA pH 8.8 3,495 3,522 0,027 0,027 

 

Table 3 Chemical Shift related to the characteristic signals of the swabs examined before and after the 

addition of silica 

The positive values expressed by the Δδ, except for the Acetate buffer, are an indication of the 

de-shielded of the signals due to the addition of the silica. The value of Δδ of the signal relative 

to the three methyl protons of the acetate buffer (singlet) is attributable to the error of the 
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measurement system and does not identify any interaction with the supporting NPs. In the case 

of HEPES and TRIZMA solutions, the characteristic signals of the molecules have undergone a 

shift at ppm greater determined by the de-shielding effect of the silica nanoparticles. Similarly, to 

what was done with the zirconia nanoparticles it was possible to quantitatively determine the 

interaction between the buffers and the supports using the "ERETIC" function present in the 

NMR spectrometer "BRUKER Advance 400" program. 

 

Figure 4.6 Δδ as a function of the pH of the respective buffers 

As can be seen from the experimental results reported in Tab.4, considering the instrumental 

error, it is possible to confirm a non-negligible interaction of the buffers analyzed with silica 

NPs. The hypotheses previously formulated concerning zirconia can also be extended to silica. 

Silica has a surface area (determined by B.E.T. analysis) and a concentration of hydroxyl 

(silanol) groups greater than zirconia and these properties determine higher percentages of 

interaction than those identified for the Zr NPs (Figure 4.7). 

 
 

Signal  δ (ppm) Buffer 

(mM) 

Buffer + 

Support (mM) 

%  

TRIZMA pH 8.8 singlet 3,59-3,41 25,00 20,77 17 

HEPES pH 7.0 triplet 3,86-3,76 25,00 23,59 6 

multiplate 2,50-3,50 25,00 23,78 5 

Acetate pH 4.0 singlet 2,04-1,92 25,00 19,61 22 

Table 4 Experimental results related to the quantitative determination of the buffer-SiO2 interaction 

 

Furthermore, such support for operational pH is characterized by a negative surface charge 

(paragraph 4.3) with the possible formation of electrostatic interactions between the surface 

anionic functionalities and the characteristic functional groups of the analyzed buffers. The high 

number of hydroxyl groups can justify the silly behavior that silica plays against buffer 
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molecules by subtracting greater electronic density from the protons present in the buffers with 

the consequent shift of the signals. Once the analyzes were completed, a pH measurement was 

performed on each sample and from the results obtained we can confirm that there were no 

variations of this parameter following the addition of silica. 

 

 

Figure 4.7: Graphical representation of the surface chemical structure of SiNPs 

 

Figure 4.8: 1H NMR spectra (400MHz, D2O) related to the buffers examined first (A) and then 

(B) the addition of silica: (a) 25mM acetate pH 4.0. (b) HEPES 25mM pH 7.0. (c) TRIZMA 

25mM pH 8.8. 
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4.1.3 Buffer-Bismuth interaction (Bi2O3) 

It has not been possible to conduct preliminary tests such as to highlight any affinity between the 

buffers and the bismuth oxide nanoparticles, since the amount of support available has been 

limited. It was decided not to carry out the experiments similar to the other two supports and to 

dedicate the available batches to the quantitative determination of the interaction between the 

bismuth oxide and the methylene bis-phosphonic acid (MBP) in the different buffered systems 

(paragraph 4.2.1.3) 

 

4.2 Analysis and study of the interaction between the nanoparticulate supports and the bis- 

and mono-phosphonic organic molecules under examination 

In order to quantitatively determine the interaction between the bis- and mono-phosphonic 

molecules under examination and the inorganic supports consisting of zirconium, silicon, 

titanium and bismuth oxides in solution, different experimental tests were conducted in the 

buffered systems analyzed above (with the exception of MES and CAPS because they do not 

allow the correct integration of the reference signals) and in deuterated water (non-buffered 

system). The nanoparticles of support once added to the buffered solutions containing the 

organic molecules at a concentration of 5mM (shown in Figure 4.9a and Figure 4.9b) determined 

a decrease in intensity and a shift of the characteristic signals of the mono and bis-phosphonic 

molecules, an index of an interaction between the latter and the supports (functionalization of the 

nanoparticles). By analyzing these systems over time, it has been possible to define the different 

loading profiles that characterize the organic molecules under examination in accordance with 

the chemical-physical characteristics of the supports. 

 

Figure 3.9a: Synthetic bis-phosphonic acids (BPs) used 

 

Figure 4.9b: Commercial Monophosphate Acids (AMPs) used 
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4.2.1 Methylene Bis-phosphonic acid (MBP, 1a) 

 To determine in detail the affinity between the bis- and mono-phosphonic molecules and the 

supports under examination, some preliminary tests were carried out, monitoring the decrease in 

the concentration of methylene bis-phosphonic acid (MBP) over time in the different buffered 

aqueous systems previously analyzed containing aliquots. Defined support, through quantitative 

analysis of the 1H NMR signal relative to the methyl unit of the molecule (ERETIC functionality 

of the “Bruker Advance 400” spectrometer). Tests were performed starting from 5 ml of a 5 mM 

solution of MBP in the presence of 50 mg of support in a series of buffer at a concentration of 25 

mM in the range of pH 4.0-8.8 (solution stirred by means of a magnetic stirrer at 600rcf). The 

non-buffered system of deuterated water following the addition of organic acid is characterized 

by a pH of 2.0 (strongly acidic). The concentration of analyte in solution was determined by 

withdrawing 1 ml of solution at 15-30-60-120-minute intervals, isolating the supernatant by 

centrifugation (10 minutes at 12000rcf) and analyzing this aliquot by quantitative 1H NMR with 

respect to the original solution of the ‘analyte (MBP + buffer). The first measurement during 

loading analyzes was performed after 15 minutes, i.e. the shortest possible time for sample 

preparation (sampling and centrifugation) and NMR measurement (recording of signals). The 

2.294ppm triplet area, attributed to the metabolic unit of the MBP molecule (Figure 4.10), was 

monitored over time and the analyte concentration measurements were made on this signal. The 

two protons identified in Fig. 4.10 from the letter (a) are characterized by a triplet in that, by 

means of a spin-spin interaction, they couple both with the two phosphorus atoms of the 

phosphonic units (31P).  

 

Figure 4.10: 1H NMR spectrum (400MHz, D2O) of methylenbephosphonic acid (MBP) 5mM 
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4.2.1.1 Zirconium oxide (ZrO2) 

In the presence of zirconia nanoparticles (ZrNPs) it is possible to notice a shift of the signals to 

higher fields (lower ppm) at pH 7 for HEPES and at pH 8.8 TRIZMA (shielding of signals). For 

Acetate and D2O acid buffers, absorption of the MBP from ZrNPs was found to be complete in 

the time interval of 0-15 minutes, determining the lack of detection of a possible displacement of 

the characteristic signal. The increase in pH led to a decrease in the affinity between the 

molecules and the substrate identified by the presence of the signal at 15, 30, 60 and 120 minutes 

(Figure 4.12, Tab.5, Figure 4.13, Tab.6). The reason for this reduction is attributable to the 

repulsion between the negative charges held by both species to the operating pH and to the acid / 

base equilibrium established between the bound molecules and the support: zirconia, as reported 

in paragraph 3.1.1, has a Positive surface charge at acidic and negative pH (negative Z potential) 

for basic pH. The methyl bis-phosphonic acid molecule has four hydroxyl units in the two 

phosphonic groups which, depending on the pH, can be in an anionic or neutral form (Figure 

3.11). The type of interaction hypothesized between the species in question concerns the possible 

coordination of the phosphate groups of MBP with the metallic zirconium atoms and with the 

hydroxyl units present on the surface of the nanoparticles through coordination and hydrogen 

bonds. The presence of superficial charges on the zirconia NPs at the different operating pHs, 

correlated with the values of potential Z, can determine a greater or lesser coordinating force. 

 

 

Figure 4.11: Schematic representation of the charge distribution on the ZrNPs before and after the 

interaction with the MBP 
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Figure 4.12:  1H NMR spectra (400MHz, D2O) related to the functionalization of ZrNPs with 5mM MBP 

in: (a) 25mM Acetate pH 4.0. (b) D2O. (c) HEPES 25mM pH 7.0. (d) TRIZAN 25mM pH 8.8. 

 

  Time MBP 

Buffer (min) in solution (mM) loaded (mM) 

D2O pH 2.0 

0 5,00 0,00 

15 0,00 5,00 

30 0,00 5,00 

60 0,00 5,00 

120 0,00 5,00 

  

Acetate pH 4.0 

0 5,00 0,00 

15 0,00 5,00 

30 0,00 5,00 

60 0,00 5,00 

120 0,00 5,00 

  

HEPES pH 7.0 

0 5,00 0,00 

15 2,09 2,91 

30 0,93 4,07 

60 0,59 4,41 

120 0,22 4,78 

  

TRIZMA pH 8.8 0 5,00 0,00 
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15 1,63 3,37 

30 1,14 3,86 

60 0,84 4,16 

120 0,88 4,12 

Table 5 Kinetics of loading the MBP to the different pH values 

 

 

Figure 4.13: Graphical representation of the loading kinetics of the MBP molecule on ZrNPs at the 

different operating pHs 

The operative pH, as evidenced by the experimental results, has a significant influence on the 

extent of the interaction between MBP and zirconia. In paragraph 4.3.1 the analysis of the 

interaction between the organic molecule under examination and the zirconia nanoparticles will 

be shown in detail, looking for, through the determination of the acid dissociation constants of 

the MBP, to verify and justify these behaviors. 

 

Buffer pH Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) GD (mol/m2) GD % 

D2O 2,0 5,00 0,00 1,61E-06 47 

Acetate 4,0 5,00 0,00 1,61E-06 47 

HEPES 7,0 5,00 0,22 1,54E-06 45 

TRIZMA 8,8 5,00 0,88 1,33E-06 38 

Table 6: Binding efficiency of MBP on ZrNPs at different pH determined by 1H quantitative NMR  

From the results obtained in Acetate acidic conditions (pH 4.0), in order to determine the 

maximum concentration of MBP such as to fully functionalize the zirconia nanoparticles, the 

experiment was repeated using MBP solutions at 10mM and 25mM, observing respectively on 

50mg of support, 100% and 70% of loading in the time interval of 120 minutes (Figure 4.15, 

Figure.4.16, Tab.7).The obtained results, considering the surface occupied by a molecule of 

MBP (approximate footprint equal to 48 Å2 [256]) calculated through molecular models (Figure 

4.14) and the chemical-physical characteristics of the zirconia used (surface area dependent on 

the batch used determined through BET analysis), can be expressed through Grafted Density 
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(mol MBP/m2), a parameter that can be related to the degree of surface coating of the 

nanoparticles. The experimental results obtained from the maximum 10mM and 25mM MBP 

loading tests are shown below 

 

Figure 4.14: Three-dimensional structure representing the van der Waals rays of the MBP: Violet-

Phosphorus, Red-Oxygen, Carbon-Gray, White-Hydrogen 

 

 

 

Figure 4.15: 1H NMR spectra (400MHz, D2O) related to the functionalization of ZrNPs with 10mM 

MBP in 25mM Acetate pH 4.0 
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Figure 4.16: 1H NMR spectra (400MHz, D2O) related to the functionalization of ZrNPs with 25mM MBP 

in 25mM Acetate pH 4.0 

Tampone pH Conc. Iniziale in sol. (mM) Conc. Finale in sol. (mM) GD (mol/m2) GD % 

Acetate 4,0 10,00 0,00 3,27E-06 95 

Acetate 4,0 25,00 7,40 5,77E-06 167 

Table 7: Binding efficiency of MBP on ZrNPs at different concentration by 1H quantitative NMR  

 

From the results obtained it is possible to state that a 10mM MBP solution can determine the 

complete functionalization of zirconia nanoparticles (GD% equal to 95%). The value of Grafted 

Density related to the test carried out with the 25mM MBP solution in acidic conditions defines 

an over-loading of the nanoparticles (GD% 167%). This phenomenon can be explained through 

the coordinative interaction of only one of the two phosphate units of the MBP, allowing a 

greater number of molecules to bind to the surface of the ZrNPs (the values of GD% are 

calculated assuming that the bis-phosphonic acid interact with the bidentate binder support). 

Furthermore, there is the possibility of the formation of multiple MBP molecular layers on the 

substrate, resulting in a multi-layer coating of the nanoparticles favored by intermolecular 

hydrogen bonds between the phosphate units of the MBP. To test the stability of the interaction 

created between the MBP molecules and the zirconia nanoparticles, the functionalized support at 

pH 4.0 (complete loading of the 5mM MBP solution) was isolated by centrifugation, washed 

with distilled water and introduced in different buffered systems. 
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Figure 4.16: Reaction scheme related to equilibrium in a basic solution between the phosphonic 

molecules and the support 

 

Through quantitative NMR analysis, after a time interval of 48h, no presence of MBP was found 

in the solution at pH 4.0 for Acetate while at pH 8.8 for TRIZMA, the concentration of MBP in 

solution was found to be 0, 96mM, equal to a percentage release of 19%. (Figure 4.17, Tab.8) 

Only treating the functionalized support under strongly basic conditions for 100mM NaOH [257] 

it was possible to detect a consistent release in solution of the organic component, equal to 68% 

(time interval of 48h, Figure.4.19). The high pH of the buffer environment negatively affects the 

equilibrium established between MBP and the support: the electrostatic effects are less due to the 

deprotonation of the surface hydroxyl functionalities of the NPs and basic hydrolysis reactions of 

the previously formed bonds can occur (Figure .4.17). 

 

 

Figure 4.17:  Release kinetics relative to the 5mM MBP molecule in 25mM Trizma (1H NMR spectra: 

400MHz, D2O) 
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Figure 4.18: Release kinetics relative to the 5mM MBP molecule in 100mM NaOH (1H NMR spectra: 

400MHz, D2O) 

 

 

 

 

Table 8 Results concerning stability tests for MBM 5mM-ZrNPs 

The study of the interaction between the methylene bis- phosphonic acid molecule and the 

nanoparticulate solid supports was extended to other inorganic oxides, replicating the described 

experiments for zirconia on silica (silicon oxide) and bismuth (bismuth oxide) nanoparticles.  

 

4.2.1.2 Silicon oxide (SiO2) 

Following the addition of silica nanoparticles to buffered MBP solutions 5mM in the range of pH 

2.0-8.8, the characteristic signal of the molecule under examination (triplet at 2.2ppm) has 

undergone a shift to larger fields (ppm lower) for the 25mM acetate solutions, 25mM HEPES 

and 25mM TRIZMA. Subsequently signal processing and integration, through the ERETIC 

functionality of the NMR spectrometer, different experimental results were found, if compared 

with what was found with the ZrNPs, an index of a different entity of interaction between the 

oxide and the MBP. At acidic pH (acetate and D2O) the silica does not interact effectively 

(loading complete) with the organic molecule under consideration, defining load percentages of 

5% and 50%. At basic pH for TRIZMA and pH neutral for HEPES, the loading percentages were 

Solution Conc. Initial in sol. (mM) Conc. Final in sol. (mM) Release % 

TRIZMA pH 8.8 0,00 0,96 19 

NaOH 100mM 0,00 3,41 68 
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found respectively 62% and 69% (Figure 4.19, Figure 4.20, Tab.9). Considering the high surface 

area of the silica nanoparticles such results correspond to low values of Grafted Density, defining 

a lower degree of superficial covering. 

 

 

Figure 4.19: 1H NMR spectra (400MHz, D2O) related to the functionalization of SiNPs with 5mM MBP 

in: (a) 25mM Acetate pH 4.0. (b) D2O. (c) HEPES 25mM pH 7.0. (d) TRIZAN 25mM pH 8.8. 

 

Buffer pH  Initial Conc. in sol. (mM) Final Conc.in sol. (mM) GD (mol/m2) GD % 

D2O 2,0 5,00 4,76 2,53E-08 1 

Acetate 4,0 5,00 2,50 2,63E-07 8 

HEPES 7,0 5,00 1,55 3,63E-07 10 

TRIZMA 8,8 5,00 1,91 3,25E-07 9 

Table 9: Binding efficiency of MBP on SiNPs at different pH determined by 1H quantitative NMR  
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Figure 4.20: Graphical representation of the loading kinetics of the MBP molecule on SiNPs at different 

operating pHs 

 

 

 

Table 10 Results regarding stability tests for MBM 5mM- SiNPs 

 

 

Figure 4.21: Release kinetics relative to the 5mM / SiNPs MBP molecule in TRIZMA 25mM (1H NMR 

spectra: 400MHz, D2O) 

Solution  Initial Conc. in sol. (mM)  Final Conc in sol. (mM) release % 

TRIZMA pH 8.8 0,00 5,00 100 
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Performing tests to verify the stability of the interaction between MBP molecules and silica 

nanoparticles, like zirconia, the functionalized support was isolated, washed and introduced into 

different buffered systems. The experiments conducted showed a complete release of the 

previously loaded MBP simply by washing the substrate with distilled water, demonstrating a 

weak and reversible interaction between the surface of the silica nanoparticles and the methylene 

bis-phosphonic acid (Table 10, Figure.4.21). From the experimental results obtained it is possible 

to state that the functionalization of silica nanoparticles with bis-phosphonic acids does not allow 

the formation of systems stable due to the weak interaction between species. Possible treatments 

superficial effects on the support will increase their reactivity and the creation of new strong 

types of interaction. 

 

4.2.1.3 Bismuth oxide (Bi2O3) 

The identification signal of the MBP, following the addition of the bismuth oxide nanoparticles 

to the buffered solutions and in D2O, underwent a shorter ppm shift, identifying a possible 

interaction between the support and the methylene bis-phosphonic acid. 

 

 

Figure 4.22: 1H NMR spectra (400MHz, D2O) related to the functionalization of BiNPs with 5mM MBP 

in: (a) 25mM Acetate pH 4.0. (b) D2O. (c) HEPES 25mM pH 7.0. (d) TRIZAN 25mM pH 8.8 
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From the integration of the experimental signals, except for the buffered solution at pH 4.0 and 

in deuterated water, not all the organic molecules present in the solution interacted with the 

support, showing lower loading percentages compared to those found in the other oxides tested 

(Figure 4.22, Figure 4.23). Considering the reduced surface area of the nanoparticles used (15 

m2/g), much lower than zirconia (310.4 m2/g) and silica (949.9 m2/g), the values related to 

Grafted Density% highlight an over-loading of the particles, like what was found in the case of 

the functionalized ZrNPs with acidic pH with 25mM MBP (Tab.11). These results underline how 

the type of metal influences the interaction model and the coordinating force between support 

and BPs. The high GD% can be justified considering the formation of numerous surface 

molecular layers of MBP (multi-layer): the reduced steric encumbrance and the weak 

amphiphilic character of these molecules in fact, together with the intermolecular hydrogen 

bonds between the phosphonic units, contribute to stabilize the creates structure (Figure. 4.24). 

 

 

Figure 4.23: Graphical representation of the loading kinetics of the MBP molecule on BiNPs at different 

operating pHs 

Buffer pH  Initial Conc. in sol. (mM) Final Conc. in sol. (mM) GD (mol/m2) GD % 

D2O 2,0 5,00 2,09 2,09E-05 605 

Acetate 4,0 5,00 0,90 2,95E-05 853 

HEPES 7,0 5,00 3,56 1,04E-05 299 

TRIZMA 8,8 5,00 3,48 1,09E-05 316 

Table 11. Binding efficiency of MBP on BiNPs at different pH determined by 1H quantitative NMR  
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Figure 4.24: Graphical representation of the possible interactions formed between BiNPs and MBP 

In order to test the stability of the interactions established between the MBP molecules and the 

bismuth nanoparticles, the functionalized support at pH 4.0 was isolated by centrifugation, 

washed with distilled water and introduced in the different buffered systems. Through 

quantitative NMR analysis, after a time interval of 48h, no presence of MBP was found in the 

solution at pH 4.0 for Acetate while at pH 8.8 for TRIZMA, the concentration of MBP in 

solution was found to be of 0.48mM equal to a 10% percentage release. (Tab.12, Figure.4.25). 

 

 

Table 12 Results related to stability tests for MBM 5mM-SiNPss 

Although it does not characterize a complete loading with acidic pH and follow, as in the case of 

zirconia, a loading kinetics dependent on the pH of the system, the oxide of bismuth defines 

strong interactions with the bis-phosphonic species in solution delineating a pH 8.8 for TRIZMA 

a lower release percentage (if compared with how much obtained for the ZrNPs). The MBP-

support systems formed, because of their stability in aqueous solution they will be widely used in 

clinical and research fields. 

 

Solution Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) Release % 

TRIZMA pH 8.8 0,00 0,48 10 
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Figure 4.25: Release kinetics relative to the 5mM / BiNPs MBP molecule in TRIZMA 25mM (1H NMR 

spectra: 400MHz, D2O) 

 

4.2.1.4 Titanium Oxide (TiO2) 

The loading tests with MBP showed a rapid uptake within 30 min of about 90% and 93% after 

1h. This is in fact an expected result since examples of functionalization of TiO2 surface with 

monophosphonates are known in the literature. The very high GD observed is possibly due to 

multilayer formation on the TiO2 NPs similarly to what observed for Bi2O3. 

 

 

Figure 4.26:  Graphical representation of the loading kinetics of the MBP molecule on TiNPs at different 

operating pHs 
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Buffer pH  Initial Conc. in sol. (mM) Final Conc. in sol. (mM) GD (mol/m2) 
GD  

Molecules/nm2 

  
Acetate 4,9 5,00 2,89 2,95E-05 7.40 

HEPES 7,3 5,00 3,28 1,04E-05 6.03 

Table 13: Binding efficiency of MBP on TiNPs at different pH  determined by 1H quantitative 

NMR  

4.2.2 Functionalized bis-phosphonic acids 

The study of the interaction between methylene bis-phosphonic acid and zirconia nanoparticles 

was also extended to the other bis-phosphonic molecules represented in Figure 3.9a. These 

molecules differ from each other by the different central carbon binding substituents, 

characterized by carboxyl (BPSC), amine (BPAET), allylic (BPSAL) and methyl (EBP) 

functionalities. The molecules were tested in a buffered system at pH 4.0 for acetic acid / 25mM 

sodium acetate where 50 mg of support was added to 5 ml of a 5mM solution of BPs. The choice 

to perform the tests at pH 4.0 was determined by the fact that this pH provided the best results in 

terms of functionalizations and loading percentages in the experiments conducted with the MBP 

and the ZrNPs. Furthermore, most of the pure BPs rates available for experimental tests did not 

allow such large-scale tests to be conducted as they consisted of a few mg / μL. 

The BPSC molecule, in addition to the acidic environment for acetate, has also been tested in 

neutral (HEPES), basic (TRIZMA) and D2O conditions to compare the results obtained with 

those obtained using the commercial analogue mono-phosphonic acid (paragraph 4.2). .3). The 

concentration of analyte in solution was determined in a similar way to that made with the MBP 

or taking an aliquot of solution at regular time intervals, isolating the supernatant by 

centrifugation and analyzing this solution by quantitative 1H NMR with respect to the analyte's 

original solution (BP + buffer). In the integration phase the characteristic signals were used 

which showed a greater symmetry. The experimental results relating to each bis-phosphonic acid 

and the 1H NMR spectra representing the loading kinetics of the test molecules are reported 

below (loading profiles and complete stability tests of all the experimental results are reported in 

the Appendix). 

 

4.2.2.1 Ethane-1,1-diylbis(phosphonic acid) (EBP, 1b) 

In the quantitative determination of the concentration in solution of the EBP molecule through 

the 1H NMR analysis the disappearance of the split triplet (1.25-1.45ppm) relative to the methyl 

protons in position β with respect to the phosphonic groups was monitored over time (Figure 

4.27b, b). In the time interval of 120 minutes, this molecule led to a complete loading and a 

functionalization of 44% of the accessible surface of the zirconia nanoparticles (Figure 4.28, 

Tab.14). 
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Figure 4.27: 1H NMR spectrum (400MHz, D2O) of the 5mM EBP molecule 

 

 

 

Figure 4.28: Graphical representation of the loading kinetics of the EBP molecule on ZrNPs 

 

Buffer pH  Initial Conc. in sol. (mM) Final Conc. in sol. (mM) GD (mol/m2) GD % 

Acetate 4,0 5,00 0,00 1,52E-06 44 
Table 14: Binding efficiency of EBP on ZrNPs at pH 4.0 determined by 1H quantitative NMR  
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. 4.2.2.2. (2-((2-aminoethyl)thio)ethane-1,1-diyl)bis(phosphonic acid)  (AETI, 1d) 

In order to determine the concentration of AETI in solution, through the analysis of the 

characteristic molecular signals, the integration operation was carried out on the triplet located in 

the interval 3.16-3.24ppm characterizing the two protons identified by the letter "d" in figure 

3.29. By monitoring this signal over time, after a two-hour time interval, 98% of the molecules 

present in the solution interacted with the ZrNPs, defining a GD% of 39% (Figure.4.30, Tab.15). 

 

 

Figure 4.29: 1H NMR spectrum (400MHz, D2O) of the 5mM AETI molecule 
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Buffer pH  Initial Conc. in sol. (mM) Final Conc. in sol. (mM) GD (mol/m2) GD % 

Acetate 4,0 5,00 0,15 1,35E-06 39 

Table 15: Binding efficiency of AETI on ZrNPs at pH 4.0 determined by 1H quantitative NMR. 

 

 

 

Figure 4.30: Graphical representation of the loading kinetics of the AETI molecule on ZrNPs 

4.2.2.3.  2-((2,2-diphosphonoethyl)thio)acetic acid (BPSC) 

The BPSC molecule, monitoring over time the signal related to protons in position β with respect 

to the phosphonic groups in the interval 2.97-3.12ppm (Figure 4.31, b) defined a quantitative 

loading in acidic environment for acetic acid / sodium acetate and in a non-buffered solution of 

deuterated water. By increasing the pH instead, the percentage of molecules in solution not 
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interacting with the support is increased up to 50% for TRIZMA (pH 8.8) and the percentage of 

overcoating decreased to 22% (Figure 4.32, Tab.16)  

 

 

Figure 4.31: 1H NMR spectrum (400MHz, D2O) of the 5mM BPSC molecule 

 

Figure 4.32: Graphical representation of the loading kinetics of the BPSC molecule on ZrNPs 
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(a) Acetato 25mM pH 4.0; (b) D2O pH 2.0; (c) HEPES 25mM pH 7.0; (d) TRIZMA 25mM pH 8.8 

 

 

Buffer pH  Initial Conc in sol. (mM)  Final Con. in sol. (mM) GD (mol/m2) GD % 

D2O 2,0 5,00 0,00 1,52E-06 44 

Acetate 4,0 5,00 0,00 1,52E-06 44 

HEPES 7,0 5,00 0,55 1,36E-06 39 

TRIZMA 8,8 5,00 2,48 7,69E-07 22 

Table 16: Binding efficiency of BPSC on ZrNPs at different pH determined by 1H quantitative NMR. 
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4.2.2.4 2-(2-propene- 1-thiol) ethane-1,1- diyldiphosphonic acid (BPSAL) 

The quantitative determination of the loading profile of the BPSAL molecule in buffered 

solution at pH 4.0 was performed by monitoring the 1H NMR signal related to the protons 

characterized by the letter "b" in Figure 4.34 (2.82-2.95ppm). In the time interval of 120 minutes, 

this molecule showed a complete loading and a functionalization of 44% of the surface of the 

zirconia nanoparticles (Figure 4.33, Tab.17). 

 

 
Figure 4.33: Graphical representation of the loading kinetics of the BPSAL molecule on ZrNPs 

 
Figure 4.34: 1H NMR spectrum (400MHz, D2O) of the BPSAL 5mM molecule 
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Buffer pH  Initial Conc. in sol. (mM) Final Conc. in sol. (mM) GD (mol/m2) GD % 

Acetate 4,0 5,00 0,00 1,52E-06 44 

Table 17 Binding efficiency of BPSAL on ZrNPs at pH 4.0 determined by 1H quantitative NMR. 

4.2.2.5 Comparison of the affinity between the various BPs and ZrNPs 

Over the time interval of 120 minutes at acidic pH for acetic acid / 25mM sodium acetate, 

considering the error related to the experimental measurement, the bisphosphonic acids tested are 

substantially all characterized by 100% loading percentages indicating a quantitative interaction 

between the molecules and support. These results are also confirmed by the values of Grafted 

Density% equal to 44%. The results relative to the BPAET molecule differ from a few percent 

units from the other molecules in both the parameters taken into consideration (loading%: 98, 

GD%: 39) defining in each case a high interaction between ZrNPs and BPAET. The decrease in 

affinity between the two species can be attributed to forces of an electrostatic nature: the amine 

function present in the side chain of the BP at the acidic pH is positively charged (Figure 4.35) 

and the electrostatic repulsion between this charge and the support too positive and between 

chains close together can lead to less interaction.  
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Figure 4.35: Graphical representation of the possible repulsion between the BPAET molecules 

coordinated with the ZrNPs which determines the reduction of the loading percentage 

 

Furthermore, the steric encumbrance of the substituents contributes to these forces, increasing 

their effect. The increase in pH, similar to what has been verified with the MBP, destabilizes the 

equilibrium established between organic molecules and the increasingly less positive support 

leading to a lower percentage of loading (50% for TRIZMA 25mM). The other bis-phosphonic 

acids tested, not having charged functions, did not suffer too much from such interactions and 

their loading was complete. To test the stability of the interaction created between the zirconia 

molecules and nanoparticles, the functionalized supports were isolated by centrifugation, washed 

with distilled water and introduced into a buffered system at pH 8.8 for TRIZMA 25mM. 

Through quantitative NMR analysis, after a time interval of 48h, the presence of EBP and 

BPAET molecules resulting from the slow release was found in solution, which stands at a 

percentage equal to 9% and 23% respectively. The supports functionalized with the molecules of 

BPSAL and BPSC, in the time interval considered, did not show any release in solution of the 

organic component, demonstrating a stable and strong interaction between support and BPs 

(Tab.17). The EBP molecule and the allyl-substituted BPSAL differ from the other molecules 

due to the hydrophobic character of the side chain. This feature may affect the lower release 

percentage caused by the relative decrease in solubility of the molecule in the aqueous solvent 

used. Furthermore, it is known that bisphosphonates containing hydrophobic groups tend to 

aggregate in solution with a behavior like that of surfactants (amphiphilic molecules) in the 

formation of micelles or of structures with lower energy content and the contribution of the 

hydrophobic effect on the stability of the bond of the BPs with ZrNPs can justify such results. 

The amine group of the BPAET molecule present in cationic form at the operative pH can 

destabilize the intermolecular interaction between the neighboring molecules and impart a 
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greater solubility in the aqueous solvent to the bis-phosphonic acid, determining a more marked 

percentage of release, as can be seen from the values reported in Tab.18. 

 

Buffer Molecule 
Initial Conc. in sol. 

(mM) 

Final Conc.in sol. 

(mM) 

Release 

% 

TRIZMA pH 

8.8 

EBP 

  

0 0,43 9 

BPAET

 

0 1,15 23 

BPSC 

 

0 0,00 0 

BPSAL 

 

0 0,00 0 

Table 18 Results related to stability tests for 5mM-ZrNPs BPs in TRIZMA 25mM 

 

4.2.3 Commercial monophosphate acids 

In order to compare the affinity with respect to the zirconium oxide nanoparticles between the 

bis-phosphonic molecules BPSC and BPAET and the mono-phosphonic analogs (MPs) AFP and 

AEFO, for the latter molecules some tests have been conducted in different buffered systems. In 

fact, the AFP and AEFO molecules have a carboxylic group and an amino group as a terminal 

function, in accordance with the previously mentioned bisphosphonates. The affinity tests were 

performed using buffer solutions at pH 4.0 for acetic acid / 25mM sodium acetate, pH 7.0 for 

HEPES 25mM, pH 8.8 for TRIZMA 25mM and in D2O, according to what was done in the 

experiments previous. Due to the high cost of AEFO commercial mono-phosphonic acid, only 

one test was carried out at pH 4.0, as this pH provided the best results in terms of 

functionalizations and loading percentages in tests conducted for the other molecules. 
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4.2.3. 3-phosphono-1-propanoic acid (AFP) 

In the quantitative determination of the concentration in solution of the AFP molecule through 

the 1H NMR analysis, the decrease in the signal relative to the methyl protons in position β with 

respect to the phosphonic group (interval 2.52-2.62ppm, Figure 4.36, b) was monitored over 

time. According to the BPSC, this molecule showed an operating pH dependent loading with a 

94% loading in the non-buffered system (D2O). By increasing the pH, the percentage of non-

interacting molecules in the solution is increased up to 60% for TRIZMA (pH 8.8). These results 

led to the calculation of very low GD% values compared to what was found with the analogous 

BPs (Figure 4.37, Tab.19). 

 

Figure 4.36: 1H NMR spectrum (400MHz, D2O) of the 5mM AFP molecule 

 

 

Figure 4.37: Graphical representation of the loading kinetics of the AFP molecule on ZrNPs at the 

different operating pHs 
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Buffer pH Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) GD (mol/m2) GD % 

D2O 2,0 5,00 0,28 1,30E-06 19 

Acetato 4,0 5,00 0,74 1,17E-06 17 

HEPES 7,0 5,00 1,35 1,00E-06 15 

TRIZMA 8,8 5,00 3,00 5,51E-07 8 

Table 19 : Binding efficiency of AFP on ZrNP at pH 4.0  determined by 1H quantitative NMR 

4.2.3. 2 Acid (2-aminoethyl) phosphonic acid (AEFO) 

The AEFO molecule, monitoring over time the signal related to protons in position β with 

respect to the phosphonic group in the interval 3.06-3.26ppm (Figure 4.38, b), showed an acidic 

charge for acetic acid / sodium acetate 82%. Overall, in the time interval of 120 minutes, 17% of 

the surface area of the nanoparticles was functionalized (Figure 4.39, Tab.20). 

 

Figure 4.38: 1H NMR spectrum (400MHz, D2O) of the 5mM AEFO molecule 

 

Figure 4.39: Graphical representation of the loading kinetics of the AEFO molecule on ZrNPs 
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Buffer pH  Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) GD (mol/m2) GD % 

Acetate 4,0 5,00 0,90 1,14E-06 17 

Table 20: Binding efficiency of AEFO on ZrNPs at pH 4.0 determined by 1H quantitative NMR. 

4.2.3. 3 Comparison of affinity of monophosphonates and bisphosphonates against ZrNPs 

The functionalization of zirconium oxide nanoparticles using commercial mono-phosphonates 

has determined different experimental results than as found with the respective bisphosphonates. 

The lower percentage of molecules organic that result in interacting with the ZrNPs can be 

attributed to the type interaction between the two species: mono-phosphonates are characterized 

by only one phosphonic functionality (hence the name) which attributes to these molecules the 

property of monodentate binders. The MPs-support adduct results to be less stable than the one 

established with the bisphosphonate analogues since the coordinating sites of these latter 

molecules are superior thanks to a greater number of bonds, both of electrostatic, covalent or 

hydrogen nature between MPs and NPs. These hypotheses were confirmed by the release tests 

carried out at basic pH for TRIZMA 25mM: thereafter processing and integration of 1H NMR 

signals related to each acid mono-phosphonic, after a time interval of 48h, the molecules AFP 

and AEFO have determined a solution release of 1.18mM and 1.38mM respectively, equal to one 

percentage of 24% and 28% (Tab.21). If compared with the results obtained with the conforming 

bis-phosphonic acid (Tab.22), the percentage of solution release of the molecule of AFP results 

to be of much higher (BPSC 0%, AFP 24%) while the AEFO molecule instead, presents a value 

comparable to that obtained for BPAET, not subject to the latter by five percentage points.  

 

Buffer Molecule Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) Release % 

TRIZMA pH 8.8 
AEFO 0,00 1,38 28 

AFP 0,00 1,18 24 

Table 21 Results related to stability tests for MPs 5mM-ZrNPs in TRIZMA 25mM 

 

 

 

 

 

 

 

Table 22 Experimental results related to BPSC and AFP molecules 

 

The amino group characterizing the AEFO mono-phosphonate at the operating pH is present in 

cationic form: Positive charges in the side chain can destabilize the interaction intermolecular 

between vicinal molecules, increase the solubility of this molecule in aqueous solvent and in 

conjunction with the reversibility of the adduct due to the basic pH (competition between OH- 

Buffer 
 Final Conc. in sol. (mM) Release % (5mM; pH 8.8) 

BPSC AFP BPSC AFP 

Acetate 0,00 0,74 0 24 

HEPES 0,55 1,35   

D2O 0,00 0,28   

TRIZMA 2,48 3,00   
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and phosphonic functionality), determine higher percentages of release. The comparative 

experiments carried out confirm the greater affinity of the bis-phosphonic acids compared to 

commercial monophosphate analogs in functionalization of nanoparticles consisting of inorganic 

oxides such as zirconia. 

 

4.3 Study and determination of the MBP-NPs interaction in aqueous solution 

In the functionalization of the zirconium oxide nanoparticles with the methylene bis-phosphonic 

acid, as can be seen from the experimental results, the operating pH significantly influences the 

loading percentages and the relative values of Grafted Density%. The charge possessed by the 

zirconia particles and the negative charges determined by the poly-phosphonic molecules of the 

MBP, as a result of their interaction, modify the surface charge of the support by characterizing a 

greater colloidal stability of the system, preventing aggregation in relatively long time periods 

(tests carried out with time intervals of 48h). To understand in depth, the type of interaction that 

is established between MBP and the support, some tests have been conducted in aqueous solvent 

such as to monitor the behavior of the organic acid as a function of pH. The analytical technique 

used was proton nuclear magnetic resonance spectroscopy (1H NMR) and phosphorus (31P 

NMR) because nuclear resonances are greatly influenced by acid-base equilibrium. This 

technique allows the determination of the acid dissociation constants of the MBP in an aqueous 

system (of 5mM concentration) monitoring the chemical shift of the proton triplet (in 1H NMR) 

and of the singlet relative to the two phosphorus atoms (in 31P NMR), characteristic of the 

methylene bis-phosphonic acid (Figure 4.40). 

 

 

Figure 4.40: Graphical representation of the MBP: the methyl protons (on the left) and the phosphorus 

atoms (on the right) are highlighted in yellow 

Following the elaboration of the experimental results and the study of the profiles obtained by 

expressing the chemical shift relative to the signals as a function of the pH (represented in Figure 

3.41, Figure 4.42, Figure 4.43, Figure 3.44), the 1H NMR analysis was found to be more 

sensitive in the determination of Ka3 and Ka4 while the 31P NMR analysis for the constants Ka1 

and Ka2. Applying a first and second derivative study to the experimental results obtained, it was 

possible to determine the four acid dissociation constants of the MBP, characterized by the 

inflection points of the δ / pH curves [258] (Figure 4.45, Tab.23). These results can provide a 

better interpretation of the pH effect in the MBP loading process on inorganic nanoparticles. 
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Figure 4.41: 1H NMR spectra (400MHz, D2O) of the MBP at different pH: triplet relative to the 

methylene protons present in the molecule; δ 2.17 (s) Acetone 

 
Figure 4.42: 31P NMR spectra (162MHz, D2O) of the MBP at different pH: singlet relative to the two 

equivalent phosphorus atoms present in the molecule 
 



142 
 

 

Figure 4.43: Graphical representation of the experimental results related to the MBP proton analysis 

 

Figure 4.44: Graphical representation of the experimental results related to the phosphorus analysis of the 

MBP 
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Figure 4.45: Graphical representation of the equilibrium related to the acid dissociation constants of the 

MBP 

pKa 1 1,88

pKa2 3,24

pKa3 6,96

pKa4 10,55  

Table 23 pKa of the MBP experimentally determined 

Correlating the experimental results obtained in the study of the MBP-NPs system to the 

identified pKa, according to the information reported in the literature, the interaction between the 

different types of nanoparticles and the bis-phosphonic acid depends mainly on the chemical 

composition of the support and partly from the superficial charge possessed. The acidic 

zirconium oxide is characterized by a positive Z potential while at the basic pH the surface 

charge of the NPs is negative. Considering the pKa1 of the MBP, the latter is present in a 

solution at pH 4 as bis-ion, therefore the interaction between the two species can be determined 

by electrostatic attractive forces. By increasing the pH to 7.0, zirconia is almost neutral and MBP 

is characterized by a mixture of bis- and tris-anions, defining a lower efficacy interaction than 

the acid pH. At basic pH, as in the case of the TRIZMA buffer, zirconia is negatively charged 

and the methylene bis-phosphonic acid is in tris-anionic form: the link between the two species is 

hindered by electrostatic repulsion, resulting in a lower percentage of loading. 

 

 

Figure 4.46: Graphical representation of the charge distribution on the NPs before and after the interaction 

with the MBP molecules 
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The greater the amount of MBP molecules that bind to the support, the greater will be the total 

surface negative charge that will take up the nanoparticles (Figure 4.46). From the interaction 

between MBP and zirconia, in all pH values in which the analyzes were carried out, the MBP-

support species are characterized by an overall negative surface charge, as confirmed by the Z 

potential measurements carried out on the NPs following their functionalization (Figure 4.47). 

The high values of potential Z found define a greater stability of the dispersed systems as they 

originate electric type repulsions among the NPs that prevent the aggregation of the 

nanoparticles.  

 

 

 

 

 

 

 

 

 

Figure 4.47: Z Potential Measures of the ZrNPs pre- and post-interaction with MBP 

 

pH Zeta P. SiNPs 

(mV) 

4.0 -2.6 

5.4 -9.9 

6.3 -11.1 

7.0 -13.4 

7.5 -15.1 

8.2 -24.8 

9.6 -26.7 

 

 

pH Zeta P. ZrNPs 

(mV) 

Zeta P. 

MBP@ ZrNPs 

(mV) 
4.6 14.3 -15.6 

5.9 10.7 -22.1 

7.3 -7.9 -30.6 

8.5 -25.4 -35.2 

9.9 -31.4 -35.7 
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pH Zeta P. BiNPs 

(mV) 

4.5 -4.9 

5.5 -3.8 

6.6 -5.7 

7.5 -4.0 

8.5 -7.6 

10.0 -10.8 

 

Figure 4.48: Z Potential Measures related to (A) SiNPs and (B) BiNPs 

For the other tested media, the electrostatic hypothesis does not find any evidence: silica and 

bismuth nanoparticles, as shown in the graphs in Figure 3.48, both at acidic pH and at basic pH 

are characterized by negative surface charges (potential Z negative) and the electrostatic 

interaction between MBP and NPs is in principle hindered. The oxides analyzed, however, differ 

in their chemical composition: the metallic character of zirconium and bismuth has properties 

that are dissimilar to silicon, which being a non-metal can establish links and types of 

interactions that are certainly weaker such as hydrogen bonds and not as strong as those 

coordinated between the oxygenates of the BPs and ZrO2 or Bi2O3. 

4.3.1 Zirconium oxide 

The surface structure of zirconium oxide has multiple acid / base characteristics determined by 

the substituents binding the Zr atom (IV). This oxide possesses Lewis and Brønsted acid sites 

capable of coordinating the phosphonic groups of the organic molecules under examination 

forming stable structures. The Brønsted acid sites are defined by highly polarized surface 

hydroxyl groups capable of transferring H + while those of Lewis are co-ordinarily unsaturated 

cationic sites that can interact with other molecules in solution receiving a pair of electrons in 

unoccupied orbitals (in the case of zirconium the orbitals "D" are empty). The phosphonic 

functions present in the anionic form in the molecules under examination being strong Lewis 

bases can form covalent bonds with the zirconium atoms and hydrogen bonds with the surface 

hydroxyl groups (Figure 4.49). 
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Figure 4.49: Graphical representation of the surface structure of the ZrNPs and of the possible bonds 

formed with the phosphonic functions 

 

Figure 4.50: Graphical representation of the possible interactions between ZrNPs and phosphonic units: 

(A) physisorption; (B), (C) monodentate; (D), (E) Bidentate; (F) Tridentate 

 

The extent of the interaction between the species depends on the type of coordination: in fact, the 

phosphonic group can adsorb on the surface as a monodentate bidentate, bidentate or tridentate 

or physisorption (weak bonds) (Figure 4.50). These structures are differentiated by adsorption 

energy (less for tridentate and greater coordination for monodentate) and geometry (length of the 

support lattice bonds). The tridentate adsorption carried out by a single phosphonic unit is 

energetically disadvantaged because the bonding distance between three coordinatively 

unsaturated zirconium atoms is very wide while the other two structures are both admissible 
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(results found in the literature [259]). The operating pH directly affects the number of functional 

groups that interact with the support: in agreement with the pKa found experimentally, in an acid 

environment two hydroxyl groups of the MBP can be de-protonated and coordinate two atoms of 

Zr (IV). However, as the pH increases, a competitive inhibition of the Lewis acid sites occurs 

due to the hydroxide ions present in the solution with the consequent decrease in the percentage 

of loading and formation of surface hydroxyl groups. Moreover, in basic conditions, hydrolysis 

of the ester bond between phosphonic function and support may occur. Together with these 

balances, hydrogen bonds can be established between the phosphonic groups and the 

functionalities present on the oxide surface through the coordination of the P=O oxo-group with 

the Brønsted acid sites of the surface support (OH) and with the hydroxyl groups of a vicinal 

phosphonic acid (intermolecular bond), thus stabilizing the formed system. The types of 

interaction and the involved hypothetical balances are summarized in Figure 4.51. 

 

 

Figure 4.51: ZrNPs-phosphonic unit interaction: (A) competition with the OH- in solution; (B) 

hydrogen bonds between neighborhood units; (C) basic hydrolysis of the ester bond. 

4.3.2 Bismuth oxide 

The Bi (III), despite expressing in some of its compounds a basic character, if linked to atoms or 

functional electronegative groups can show a weak Lewis acidity. The origin of this acidity can 

be justified based on the bonding models between metal and binder where there is the interaction 

between the σ * bismuth orbital with the ligands [260]. This property gives oxide similar 

characteristics to zirconia such as the influence of pH on the types of coordination. The 

crystalline structure of bismuth oxide is not clearly defined, and many models have been 

proposed over the years. Sillén, following diffraction measurements, predicted two types of 

coordination of oxygen atoms around bismuth: one metallic atom is penta-coordinated while 
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another atom is hexa-coordinated. Both structures are of distorted octahedral form and are 

interconnected by an oxygen atom (the electronic doublet not shared in the penta-coordinate 

structure is directed at the vertex of the oxygen-free octahedron) [261]. The lack of surface 

hydroxyl functionality, compared to what occurs for zirconium oxide, leads to a lower 

interaction between the phosphonic groups of the BP and the support (through Brønsted acid 

sites). However, the electronic doublets present on the lattice oxygen and bismuth atoms can 

establish hydrogen bonds with the phosphonate OH and the bonds formed between -PO-Bi- and 

between the vicinal functionalities, stabilize the support set-organic acids (Figure 4.52). 

 

 

Figure 4.52: Graphical representation of the interaction between BiNPs and phosphonic units 

4.3.3 Silicon oxide 

The surface structure of the silicon oxide, unlike the previously described oxides, presents 

numerous surface hydroxyl functionalities (silanol groups) capable of interacting with the 

phosphonic groups through the formation of covalent and hydrogen bonds (analogously to what 

was found with zirconia). If silicon contains electronegative substituents, they can lower the 

energy of the "3d" atomic orbitals allowing the formation of hypervalent silicates, increasing the 

number of non-metal coordination [262]. This type of interaction will not be considered in the 

analysis of the silica-phosphonate system. Between the phosphonic functions and the silanol 

groups, condensation reactions (formation of the -P-O-Si- bond) and of hydrolysis (breaking of 

the previously formed ester bond) catalyzed by the pH of the system and characterized by 

different reaction rates can occur. The reactions reported in Figure 4.53 and Figure 4.54 

summarize the possible mechanisms that can be realized in solution: the protonation of a silanol 

group or of the bound phosphonic group determine a greater electrophilic character of the silicon 

making it susceptible to an attack of a nucleophile (by a phosphonic or H2O functionality). It 
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follows a penta-coordinated intermediate transition state with the subsequent removal of a 

previously bound water molecule or organic acid. Such reactions are favored or not by the type 

of outgoing groups, their size (speed of hydrolysis increased by substituents that reduce the steric 

crowding around the silicon atom) and their ability to stabilize the charge of silicon in the 

transition state (electron-withdrawing character or donor). All the proposed mechanisms are of 

the SN2 type [263]. In aqueous solvents the phosphonic -P-O-Si- bond is more susceptible to 

hydrolysis than the same bond established with other oxides [264] and this characteristic has 

been found experimentally. The types of interaction between a phosphonic function and the 

surface silanol groups are like those described for zirconium oxide: the functional group can, in 

fact, operate from a monodentate binder, bidentate or physisorption on the surface of the support.  

 

Figure 4.53: Condensing reactions between SiNPs and phosphonic units: (A) in an acid environment; (B) 

in a basic environment 

From the experimental results obtained and described in the previous paragraphs it is possible 

hypothesize that the formation of the ester bond by the silanolic hydroxyl unit against 

phosphonic functionality is less likely than the establishment of weak links, such as hydrogen 

bonds, between the species under consideration. In the stability tests, in fact, the MBP previously 

loaded on the nanoparticles has moved completely into solution following the preliminary wash 

with distilled water index of a weak one interaction between support and MBP. To better 

understand the way in which acids organic compounds in question interact with the supports, 

characterizing the bonds and the Molecular organizations of multi-binder systems can be used 

spectrometry Solid state NMR of atoms 1H, 13C, 31P and 29Si (cross-polarization (CP) and magic 
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angle spinning (MAS)), in conjunction with IR spectroscopy techniques. It was not possible to 

use this instrumentation as it was not present at the university where the experimental tests were 

carried out. 

 

Figure 4.54: Hydrolysis reactions of the ester bond between SiNPs and phosphonic unit: (A) in acidic 

environment; (B) in a basic environment. 

4.4 Study of the interaction between BPs and MPs with ZrNPs for applications in the 

biomedical field 

In order to use in the future the oxides functionalized with bis- and monophysphonic acids in the 

biomedical field as a drug delivery system or as supports for biological systems, some stability 

tests have been performed in complex matrices. The experiments were carried out using PBS 

(Phosphate-buffered saline), a buffer solution with pH 7.2 used in the biological field to simulate 

an isotonic and blood plasma environment of human origin at the physiological pH. Both 

substances are characterized by the presence of phosphonic units in solution: the PBS consists of 

a mixture of saline phosphates such as potassium dihydrogen phosphate (KH2PO4) and disodium 

hydrogen phosphate (Na2HPO4) (Tab.24) while in the plasma there are phospholipids, peptides, 

proteins, salts and macromolecules such as DNA, RNA, which can bind to zirconia nanoparticles 

and compete with bis- and monophosphonates (Figure 4.55). 

Phosphate Buffered Saline (PBS)   

Reagents Concentration (mM) g / 1L of solution 

NaCl 137,0 8,00 

KCl 2,7 0,20 

Na2HPO4 4,3 1,44 

KH2PO4 1,4 0,25 

Table 24 Reagents and composition of the Phosphate Buffered Saline (PBS) 
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Figure 4.55: Graphical representation of the competition between the organic molecules present in the 

plasma and the bis- and monophysphonic acids against the ZrNPs (in blue): (a) Bisphosphonic acid, (b) 

Monophosphonic acid, (c) Amino acid, (d) Phospholipid , (e) Protein, (f) Nucleic acids 

 

Tests have been carried out on BPSC and AFP molecules since the carboxylic functionality 

present in the side chain, through intermolecular esterification reactions, allows it to be used as a 

linker of biologically active macromolecules or of particular biological systems. In the same way 

as described for the determination of the percentage of release of the BPs and MPs in a basic 

environment for TRIZMA 25mM, four functionalized support rates (50mg) with 10mM BPSC 

and 10 mM AFP, previously isolated and washed with distilled water, were introduced into PBS 

and plasma solutions (5mL) respectively. The presence of the analyte in solution was monitored 

over time by taking 1 ml of solution at 15-30-60-1440-2880 minutes intervals, isolating the 

supernatant by centrifugation (10 minutes at 12000rcf) and analyzing the solution by quantitative 

1H NMR. with respect to the original solution of the analyte (BPSC 10mM + PBS, BPSC 10mM 

+ plasma, AFP 10mM + PBS, AFP 10mM + plasma). The chemical and chemical-physical 

characteristics of the plasma, being a complex biological matrix, depend predominantly on the 

donor. The available plasma samples, identified by letters and numbers for privacy reasons, came 

from different donors. In order to make the comparison of the obtained experimental results of 

the respective molecules possible, a single plasma batch was constituted by combining the 

aliquots in a single solution. From this solution, previously centrifuged (10 minutes at 12000rcf) 

to eliminate the particulate due to the precipitation of the macro-proteins, the volumes necessary 

for the analyzes were taken. The presence in solution of organic molecules such as amino acids, 

carbohydrates, proteins, lipids and vitamins, makes the 1H NMR spectrum of the plasma, 

represented in Figure 4.56, a very complex aspect. To determine and quantify the presence of the 
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molecules under examination, such as BPSC and AFP, it was necessary to resort to a 

functionality of the integration program of the "Bruker Advance 400" spectrometer to allow the 

subtraction of the plasma spectrum (white) from the following spectra obtained. The subtraction 

of the spectra allows the signals of the molecules of BPSC and of AFP to "emerge" with respect 

to all the other non-characteristic signals, allowing their integration. 

 

 

Figure 4.56: 1H NMR spectra (400MHz, D2O) of blood plasma in analysis (A) and of a BSA (Bovine 

Serum Albumine) 1mM (B) solution: the characteristic signals of the amino acids present in the plasma 

solution determine a greater complexity in the interpretation of the related spectrum. Albumin is the most 

abundant plasma protein (55%), as shown by the comparison between spectra (A) and (B). In the 

analytical field the standard derived from bovine serum (BSA) is used as standard 

 

4.4.1 PBS (Phosphate-buffered saline)  

Comparing the experimental results obtained from the 1H quantitative NMR analysis of BPSC 

and AFP molecules in PBS, after a 48-hour time interval (2880 minutes), the release rates show a 

weak and reversible interaction between the zirconia nanoparticles and the AFP molecule (Figure 

4.58, Figure 4.59, Tab.25). The phosphate ions present in the solution intervene in the 

equilibrium existing between the support and the mono and bis-phosphonic molecules 

determining the breakdown of the ester bond and the formation of a new phosphate-coordinated 

species, leading to an increase in the concentration of BP and MP in solution (bis and mono-
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phosphonic acid good outgoing group, Figure 4.57). Compared to the results obtained by the 

analogue bis-phosphorus, the percentage of solution release of the AFP molecule results to be 

much higher (BPSC 5%, AFP 26%). The lower binding capacity of the AFP molecule in fact, 

characterized by the presence of only one phosphonic unit, has a significant influence on the 

equilibrium described above, thus defining a greater quantity of MPs in solution. Experimental 

tests carried out subsequently introducing the functionalized supports in a 150mM NaCl solution 

allowed to exclude the influence of the salts contained in the PBS in the equilibrium described 

above 

Buffer Molecule Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) Release % 

PBS pH 7.2 
BPSC 0 0,53 5 

AFP 0 2,60 26 

Table 25 Results related to stability tests for BPs and MPs 10mM-ZrNPs in PBS 

 

 

Figure 4.57: Representation of the equilibrium existing in solution between the coordinated phosphonic 

acid and a hydrogen phosphate molecule 

 

Figure 4.58: Release kinetics relative to the 10mM / ZrNPs AFP molecule in PBS (1H NMR spectra: 

400MHz, D2O) 
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Figure 4.59: Release kinetics relative to the BPSC 10mM / ZrNPs molecule in PBS (1H NMR spectra: 

400MHz, D2O) 

4.4.2 Plasma 

From the results obtained following the integration of the 1H NMR signals characteristic of the 

BPSC and AFP molecules, it can be seen that, similarly to what was found in the PBS release 

tests, the monophysphonic acid in question exhibits a lower binding capacity towards the support 

correlable to the greater percentage of molecules released in solution in the time interval 

considered (Figure 4.60, Figure 4.61, Tab.26). In the plasma there are organic molecules such as 

proteins, nucleic acids and amino acids, which can bind to the zirconia nanoparticles and 

compete in the equilibrium described in the previous paragraph (Figure 4.57). The size of the 

organic molecules has a significant influence on this balance: the high steric size in fact, 

disadvantages the replacement of the molecules of AFP and of BPSC from the support. The 

hydrophobic effect due to the greater length of the BPSC carbon chain, compared to the AFP 

molecule, together with the double phosphonic functionality present, can determine a greater 

stability, a lower solubility of the molecule in the aqueous environment and a percentage of zero 

release, validating the results obtained in the release tests in TRIZMA and in PBS (Tab.26). The 

comparative experiments carried out confirm the greater affinity of bisphosphonic acids with 

respect to commercial monophosphate analogs in the functionalization and stabilization in 

biological environments of nanoparticulate supports consisting of inorganic oxides such as 

zirconia. 

 

Solution Molecule Initial Conc. in sol. (mM)  Final Conc. in sol. (mM) Release % 

Blood plasma 
BPSC 0 0 0 

AFP 0 2,57 26 

Table 26 Results related to stability tests for 10mM-ZrNPs BPs and MPs in Blood Plasma 
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Figure 4.60: Release kinetics related to the AFP 10mM / ZrNPs molecule in plasma (1H NMR spectra: 

400MHz, D2O) 

 

 

Figure 4.61: Release kinetics relative to the BPMC 10mM / ZrNPs molecule in plasma (1H NMR spectra: 

400MHz, D2O) 

 Release % 

Molecule TRIZMA pH 8.8 PBS pH 7.2 Blood Plasma  

BPSC 0 5 0 

AFP 24 26 26 

Table 27 Table comparing the BPSC and AFP molecules in the different solutions tested 



156 
 

4.5 Use of plasma components such as DDS 

Blood plasma is a complex matrix consisting of 90% of water, 8% of proteins, 1.1% of organic 

components and 0.1% of inorganic salts. The protein component in turn sees albumin as the 

predominant macromolecule (~ 60%) followed by globulins and fibrinogen. Albumin is a 

multifunctional protein with an extraordinary binding capacity: this property makes it a vector of 

a wide range of metabolites, drugs, nutrients, metals and many other molecules with clinical, 

pharmaceutical and biochemical applications [265]. To this end, some experimental tests were 

carried out in order to ascertain the carrier properties of the main plasma protein component with 

respect to methyl bis-phosphonic acid and two biologically active molecules belonging to 

different pharmaceutical classes, in order to use this macromolecule as drug delivery systems. 

The tests performed saw the use of 0.1mM, 0.5mM and 1mM solutions of BSA (bovine serum 

albumin, Figure 4.62) to which 100mM of NaCl were added to maintain the osmolarity of a 

physiological solution. Non-quantitative determination of the interaction between the species 

was performed by 1H NMR spectrometry. 

 

 

Figure 4.62: Tertiary structure of bovine serum albumin (BSA) 

 

4.5.1 Methylene bis-phosphonic acid 

 

The amount of MBP added to the BSA solutions analyzed is 1mmole / L. The experimental 

spectra shown in Figure 4.63 show that as the BSA concentration increases, the MBP signal 

decreases, defining a possible coordination between the bis-phosphonic acid and the biological 

macromolecule. Furthermore, the signal of the methylene bis-phosphonic acid undergoes a 

shorter ppm shift, confirming this hypothesis. The type of interaction can be of an electrostatic 

nature (through protein functional groups) through the formation of hydrogen and coordinate 

bonds, or mechanics (in the three-dimensional protein structure). 
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Figure 4.63: Analysis of the BSA-MBP 1mM interaction (1H NMR spectra: 400MHz, D2O) 

4.5.2 Indomethacin and Nitrofurantoin monohydrate 

The molecules with biological activity used in these experimental tests are indomethacin and 

nitrofurantoin monohydrate, active ingredients of two drugs belonging to different 

pharmacological categories. Indomethacin (Figure 4.64) is a non-steroidal anti-inflammatory 

agent (NSAID) with analgesic and antipyretic activity. The pharmacological effect is manifested 

through the inhibition of the enzyme cyclooxygenase, an enzyme responsible for the synthesis of 

prostaglandins responsible for inflammation and pain. Nitrofurantoin (Figure 4.65), on the other 

hand, has a bacterial or bacteriostatic antibiotic action in the body depending on the dose 

administered. Pharmacodynamics to date has not been clearly defined: the drug, activated within 

the bacterial cell by the reducing action of flavoproteins, intervenes by damaging ribosomal 

proteins, bacterial DNA and other macromolecules. The interaction of these molecules with 

albumin has been verified through the addition of 1mg of the respective drugs to solutions with 

increasing BSA concentration. 
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Figure 4.64: 1H NMR spectrum Indomethacin (400MHz, D2O): multiple manifolds at 3.58ppm and 

1.11ppm attributable to diethyl ether impurities 

 

Figure 4.65: 1H NMR spectrum Nitrofurantoin monohydrate (400MHz, D2O): the proton (a) is not 

viewable due to the rapid exchange with the protons of the water present in solution 
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From the 1H NMR spectra (Figure 4.67, Figure 4.68) it is possible to ascertain the extent of the 

coordinating force of the BSA in relation to the active ingredients under examination: a 

concentration of BSA equal to 0.1mM and 0.5mM is enough to not allow the identification of the 

characteristic NMR signals of indomethacin and of nitrofurantoin monohydrate in the 1H NMR 

spectrum. Considering that the concentration range of this protein in humans is 35-55g / L, or 

0.5-0.8mM, the molecule completely interacts with the pharmaceutical solutions used, 

effectively conveying the active ingredients within the body. To decrease the effect of first-pass 

in the case of enteral administration, the drugs can be conveyed using inorganic nanoparticulate 

supports and such structures, in turn, can interact with the biological components of the 

organism. In conjunction with the experimental tests described above, tests were carried out to 

highlight a possible interaction between zirconia, silica (most commonly used oxides in the 

clinical field as DDS) and BSA. In different vials, 10 mL of support were added to 1mL of a 

solution of BSA 1mM and NaCl 100mM and the whole was stirred for a time interval of 24h by 

magnetic stirrer (600rcf). At the end of this interval the suspensions were centrifuged at 12000rcf 

for ten minutes and the supernatant analyzed by 1H NMR. From the spectra shown in Figure 3.69 

it is possible to notice that the signal related to the protein macromolecule did not undergo any 

decrease in intensity or shift following the addition of the NPs, an indication of the non-

interaction between BSA and support. 

 

Figure 4.67: Analysis of the BSA-Indomethacin interaction (1H NMR spectra: 400MHz, D2O) 
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Figure 4.68: Analysis of the BSA-Nitrofurantoin interaction (1H NMR spectra: 400MHz, D2O) 

 

Figure 4.69: BSA-support interaction: (red) BSA 1 mM; (blue) ZeNOs-BSA 1mM; (green) 

SiNPs-BSA 1mM. 

4.6 Study of the loading and release in aqueous solution of drugs from ZrNPs and 

SiNPs through quantitative 1H NMR analysis 

In order to use the nanoparticulate oxides previously studied as drug delivery systems of 

numerous categories of drugs, the mechanism of release in aqueous solution of indomethacin and 

of nitrofurantoin monohydrate previously loaded on NPs has been studied through different 
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processes: in supercritical CO2 and in acetone deuterated (nitrofurantoin monohydrate only in 

deuterated acetone). The determination of the release percentage in solution was carried out by 

suspending 10 mg of support loaded in 10 ml of deuterated water maintaining the system under 

stirring (350rpm). To monitor the concentration of drug in solution, some aliquots were taken in 

an overall time interval of 1440 minutes (24h), isolating the supernatant by centrifugation (10 

minutes at 12000 rcf) and analyzing it by quantitative 1H NMR with respect to a solution of 

active substance at known concentration (2 mg of drug in 10 ml of D2O). The type of loading 

and support used, as shown by the experimental results reported below, greatly influence the 

amount of drug loaded and released in solution. 

 

4.6.1 Indomethacin 

The supercritical CO2 loading procedure of indomethacin on the supports under test was 

performed by introducing 100 mg of NPs and 2 mg of the drug into an autoclave. Subsequently, 

the carbon dioxide was added to the system until a pressure of 160 bar and a temperature of 34 ° 

C were reached, to reach critical conditions. The drug and the NPs were stirred for a time 

interval of 12 hours and finally isolated by making carbon dioxide escape at the end of this 

interval. The samples related to the indomethacin loading in supercritical CO2 were suspended in 

10 ml of D2O and tested following the procedure described in the previous paragraph. As can be 

seen from the spectra shown in Figure 4.70 and Figure 4.71 and from the experimental results 

(Tab.28), the release of indomethacin from SiNPs and from ZrNPs is a relatively fast process. 

About the quantity of drug loaded (25mg / 100mg support) equal to 2.5mg / 10mg of NPs tested, 

considering the experimental error, the silica is characterized by the complete release of the 

active substance while the zirconia, in the time interval of 60 minutes, reaches 92%. The tests 

conducted using the zirconia nanoparticles, however, show the partial decomposition of 

indomethacin in solution, confirmed by the splitting of all the characteristic 1H NMR signals 

after 60 minutes from the suspension in solution. Following the GC-MS analysis (Figure 4.72, 

Figure 4.73) performed on the aliquot taken after 1440 minutes from the beginning of the test, 

extracting the sample in ethyl acetate, it was possible to attribute the new resonances to the acid 

molecule p-chlorobenzoic acid and the relative indole fragment deriving from the hydrolysis of 

the amide bond present in the molecule (Figure 4.76). The Lewis acid character of zirconium 

oxide (Lewis acid) is probably the cause of this decomposition which hydrolyzes the weaker site 

of the molecule on the amide group. These hypotheses are confirmed by the fact that the same 

molecule loaded on SiNPs, while showing a higher release rate, shows no decomposition 

(Figure.4.74, Figure.4.75). 

 

Support Time (min) Indo. in solution (mM) % release 

ZrNPs 1440 0,15 21 

SiNPs 1440 0,73 100 

Table 28 Experimental results related to the release in CO2 of Indomethacin / NPs in D2O 



162 
 

 

Figure 4.70: Kinetics of release in H2O Indomethacin / ZrNPs loaded in supercritical CO2: 1H NMR 

spectra (400MHz, D2O) with reference to aromatic protons 

 

Figure 4.71: Release kinetics in H2O Indomethacin / SiNPs loaded in supercritical CO2: 1H NMR spectra 

(400MHz, D2O) with reference to aromatic protons 
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Figure 4.72: Chromatogram relating to the Indomethacin / ZrNPS sample in supercritical CO2 1440min 

 

 
Figure 4.73: Mass spectrum relative to indole fragment deriving from the hydrolysis reaction of the drug 

(sample Indomethacin / ZrNPS in supercritical CO2 1440min)  
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Figure 4.74: Sample chromatogram Indomethacin / SiNPS in supercritical CO2 1440min 
 
 
 
 

 
Figure 4.75: Mass spectrum relative to the Indometacin / SiNPS sample in supercritical CO2 1440min 

 

The same molecule, loaded on both supports under examination using deuterated acetone as 

solvent, has provided different results in terms of release percentages in solution. The loading 

phase of the active ingredient was carried out by adding a suspension consisting of 1ml of 

distilled water and 50mg of nanoparticles to a solution consisting of 100mg of indomethacin and 

19ml deuterated acetone. After 12h of stirring, the NPs were isolated by filtration and an aliquot 

of 10mg of functionalized support was used in the tests. Zirconia, similarly to what is shown in 

the loading with supercritical CO2, catalyzes the hydrolysis reaction of the amide bond. This 
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behavior can be seen from the first minutes of the suspension in solution of the ZrNPs, an index 

of a possible hydrolysis of the drug during the loading phases and a subsequent physisorption of 

the fragments on the surface of the NPs (Figure 4.77, Figure 4.81). In contact with the aqueous 

solvent the p-chlorobenzoic acid and indole molecules can transfer from the support into solution 

and the desorbed and not yet hydrolyzed drug can react with the active surface of the 

nanoparticles. The silica does not show any catalytic behavior but is characterized by a decrease 

in the percentage of release from 100% to 2% found in Figure 4.78. To verify if the loading of 

the drug on the supports has been quantitative, through analysis 1H NMR the concentration of 

analyte was determined before and after the loading procedure in deuterated acetone. The 

analysis through the "ERETIC" functionality highlighted, within the errors on the measurements, 

a null load for both supports, that is a quantity of active principle that is minimal and can not be 

determined with accuracy (Figure 4.79, Figure 4.80). This result indicates a weak interaction 

between NPs and the drug. The percentages of release reported in Tab.29 were calculated 

assuming, for a 100% loading, a quantity of drug loaded equal to 5.3 × 10-3mmol / mg of 

support (1.9mg / mgNPs). 

 

Figure 4.76: Reaction of acid hydrolysis of the amide bond of Indometacin following interaction with 

ZrNPs 

 

Support Time (min) Indo. in solution (mM) % release 

ZrNPs 1440 0,52 10 

SiNPs 1440 0,13 2 

 

Table 29 Experimental results related to the release in D2O of Indometacin / NPs loaded 

into deuterated acetone 
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Figure 4.77: Kinetics of release in H2O Indometacin / ZrNPs loaded in acetone: 1H NMR spectra 

(400MHz, D2O) with reference to aromatic protons 
 

 
 

Figure 4.78: Kinetics of release in H2O Indometacin / SiNPs loaded in acetone: 1H NMR spectra 

(400MHz, D2O) with reference to aromatic protons 
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Figure 4.79: 1H NMR spectra (400MHz, D2O) related to the control solution (red) and supernatant (blue) 

following the functionalization of ZrNPs (reference to aromatic protons). 

 

 
Figure 4.80: 1H NMR spectra (400MHz, D2O) related to the control solution (red) and supernatant 

(blue) following the functionalization of SiNPs (reference to aromatic protons). 
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Figure 4.81 Chromatogram relating to the sample Indometacin / ZrNPS in acetone 1440min 

 

4.6.2 Nitrofurantoin monohydrate 

The determination of the nitrofurantoin release percentage in aqueous solution was carried out 

exclusively on the zirconia nanoparticles loaded in acetone, to confirm or not the catalytic 

character of the oxide with respect to the molecule under examination. The loading phase of the 

active ingredient was performed by adding to a suspension consisting of 1ml of distilled water 

and 50mg of nanoparticles, 2ml of a solution consisting of 250mg of nitrofurantoin and 5ml of 

N, N-dimethylformamide (DMF). Subsequently to the system 17 ml of deuterated acetone were 

added and after 12 hours of stirring, the support nanoparticles were isolated by filtration. Tests 

were conducted using an aliquot of 10mg of loaded ZrNPs. From the 1H NMR spectra shown in 

Figure 4.82, it is possible to see, because of the dispersion in D2O of the loaded support appear, 

after a time interval of 15 minutes, some signals not characterizing the molecule under 

examination. These signals are attributable to impurities deriving from sample preparation (DMF 

δ 7.87 (s, 1H), δ 2.95 (s, 3H), δ 2.79 (s, 3H)) and from the hydrolysis of the imino bond resulting 

in the formation of 5- nitro-2-furancarboxyaldehyde and 1-aminoino-numine (Figure 4.84). The 

presence of these products was confirmed by the characteristic 1H NMR signals and by the GC-

MS analysis (Figure 4.85) carried out on an aliquot of solution extracted in dichloromethane 

(solution at 1440 minutes from the suspension of NPs). Moreover, the 1H NMR spectra show the 

presence at lower ppm of some resonances that could not be completely assigned. Following the 

integration of the nitrofurantoin signals, the release percentage determined in the time interval of 

24h was found to be 2% (Tab.30). Similarly, to what was done for indomethacin, to verify if the 

loading of the drug on the supports was quantitative, through analysis 1H NMR the analyte 

concentration was determined before and after the loading procedure in deuterated acetone. The 

analysis through the "ERETIC" functionality highlighted, within the errors on the measurements, 

a substantially zero loading for both supports, that is a quantity of active principle that is minimal 

and can not be determined with accuracy (Figure 4.85). 
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Support Time (min) Indo. in solution (mM) % release 

ZrNPs 1440 0,17 2 

 

Table 30 Experimental results related to the release in D2O of Nitrofurantoin monohydrate / NPs loaded 

into deuterated acetone 

 

 
Figure 4.82: Release kinetics in H2O Nitrofurantoin / ZrNPs loaded in deuterated acetone / DMF 

(Spectrum 1H NMR: 400MHz, D2O) 
 

 

 
 

Figure 4.83: Acid hydrolysis reaction of the imine bond of Nitrofurantoin monohydrate following 

interaction with ZrNPs 
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Figure 4.84: Chromatogram (A) and mass spectrum (B) for the sample Nitrofurantoin / ZrNPS in 

deuterated acetone / DMF 1440min 

 
Figure 4.85: 1H NMR spectra (400MHz, D2O) related to the control solution (red) and supernatant (blue) 

following the functionalization of the ZrNPs (reference to the proton d Fig.78). 
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For both molecules analyzed, the Lewis acid character of zirconium oxide determines the 

hydrolysis and the subsequent possible inactivation of the active ingredient in solution. This 

phenomenon must be taken into consideration if you want to use zirconia nanoparticles as a 

support in the formulation of drug delivery systems of biologically active macromolecules 

characterized by hydrolysable bonds. 

 

4.7 Experimental Part 

4.7.1 Instrumentation 

NMR spectroscopy: 

The 1H NMR and 31P NMR spectra were conducted at 298K using a "Bruker Advance 400" 

spectrometer operating at 400MHz and 162MHz respectively and using deuterated water (D2O) 

as solvent. To avoid the presence of the water signal, the 1H NMR spectra were recorded in 

solvent suppression (solvent supp.). All spectra were recorded using the TMS for the proton and 

the phosphorus ones as internal reference., a solution of 85% phosphoric acid. 

Gas chromatography-mass spectrometry: 

The chromatographic analyzes were performed using a TRACE GC chromatograph coupled to a 

quadrupole mass spectrometer TRACE MS in Full Scan mode of Thermo Finnigan. The 

operating conditions adopted are shown in the table below: 

 

Capillary Column: HP5-MS 30 m, 0.25 mm x 0.25 m 

Initial Oven Temperature, oC:  80 for 5 minutes 

Ramp, oC /minute:  30 

Final Temperature, oC:   300 for 30 minutes 

Injector Temperature (split), oC:  280 

Fluw, mL/minute:  00.08 

Injected extract volume, µL:  1 

Solvent delay, minutes:  03.00 

Mass range, amu:  35-500 

Detector voltage, V:  350 

Interface Temperature, oC: 300 

Source Temperature, oC: 200 

Table 31 Gas chromatographic conditions / mass spectrometer TRACE GC / TRACE MS Thermo 

Finnigan 

4.7.2 Experimental procedures 

Buffer solutions: 

The buffer solutions used in 25mM concentration were adjusted using a pH-meter with glass 

electrode and 100mM NaOH and 100mM HCl solutions. 
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Buffers-support affinity test: 

In a vial introduce 1mL of 25mM buffer solution and 10mg of support. Agitating the system for 

a time interval of 24h (600rcf). Then centrifuge the sample at 12000rcf for 10 minutes 

(centrifuge HERMLE Z 383K, operating temperature 25 ° C) and analyze the supernatant by 1H 

NMR spectroscopy. 

Loading procedure BPs / MPs-support: 
  

Formulate 6mL of a 5mM solution of BPs or MPs with a 25mM buffer solution. Withdraw 1ml 

of solution and analyze it by 1H NMR spectroscopy (reference BPs / MPs 5mM). Introduce in 

the vial 50mg of support and place the system under stirring (600rcf). Take 1ml of solution at a 

time interval of 15-30-60-120 minutes. Centrifuge the sample (10 minutes at 12000rcf), isolate 

the supernatant and analyze it by 1H NMR spectroscopy with respect to the previously prepared 

reference. 

Stability testing BPs / MPs-support: 

To 5ml of a 25mM buffer solution (TRIZMA, acetic acid / sodium acetate) add 50mg of support 

previously functionalized with phosphonic acids. Place the system under stirring (600rcf) and at 

regular intervals of 15-30-60-1440-2880 minutes, withdraw 1ml of solution. By centrifugation 

(10 minutes at 12000rcf) isolate the supernatant and analyze it by 1H NMR spectroscopy. 

Determination of the acid dissociation constants of the methylene bisphosphonate acid: 

Split a 5mM MBP solution into 25 aliquots. Then add 100mM or 100mM NaOH to each sample 

to adjust the pH to the desired value to cover a pH range of 1-13 (use a pH meter). Analyze each 

solution by 1H NMR and 31P NMR spectroscopy and graphically report the chemical shift of the 

characteristic signal of the molecule under examination as a function of pH. Perform a first and 

second derivative analysis in order to identify the inflection points of the previously obtained 

curves. The pKa of the molecule under examination correspond to the pH values at the inflection 

points [29]. 

Stability test BPs / MPs-support in a blood plasma of human origin: 

The operating procedure used is similar to that described for stability tests in buffer solution. 

Basically, before proceeding with the creation of the single plasma batch, by combining the 

individual donor aliquots, the equipment to be used (vials, NMR tubes, pipettes, anchors) must 

be sterilized (VAPORMATIC 770, 121 ° C for 20min at 1atm) and UV radiation (1h). Conduct 

experimental tests under vertical laminar flow hood to avoid contamination by eliminating waste 

products such as "biological waste". 

Procedure for the release of drugs from NPs: 

To 10ml of a deuterated water solution add 10mg of support previously loaded with the test drug. 

Hold the system in agitation (350rpm) and at intervals of 15-30-45-60-120-240-1440 minutes 

withdraw 1ml of solution, isolate the supernatant by centrifugation (10 minutes at 12000rcf) and 

analyze it by 1H NMR spectroscopy. 
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Physical Characterization of Metal Oxide Surface Modification 

5. Experimental Section 

5.1. Materials & Methods: 

The reagents used for the sample’s preparation, listed in Table 2.4, have been used 

as received without further purification. 

Reagents Abbreviation Purity M.W 

(g/mol) 

Density (g/cm3) Supplier 

Hexadecylamine HDA 90% 241.46 0.81 Alfa Aesar 

Zirconium Propoxide ZP 70% in PrOH 327.58 1.04 Fluka 

Titanium 

isopropoxide 

TIP 97% 284.22 0.96 Fluka 

Ethanol EtOH 99.8% 46.07 0.79 Aldrich 

Sodium Chloride NaCl 99.5 % 58.44 2.16 Fluka 

Sodium Fluoride NaF 99% 41.99 2.56 Fluka 

Milli Q H2O 99.99% 18.0 1 - 

 

The nitrogen adsorption−desorption isotherms were obtained at the liquid nitrogen temperature 

(77 K) using a Micromeritics ASAP 2010 volumetric adsorption analyzer. From the adsorption 

data, the Brunauer−Emmett−Teller (BET) equation was used to calculate the specific surface 

area, while from the adsorption branches of the isotherms, the Barrett−Joyner−Halenda (BJH) 

model was used to estimate the pore size distribution and the pore volume was determined from 

the isotherm using the total adsorption value at relative pressure p/p0 = 0.26. 

The dimensions and the morphologies of the nanoparticles were investigated by electron 

microscopy using a Zeiss Sigma VP Field Emission Scanning Electron Microscope (FE-SEM). 

Mean and standard deviation of the FE-SEM micrographs were determined measuring at least 50 

nanoparticles for each sample. The diameters were measured using the image analysis software 

ImageJ.  
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Also, morphological structure was studied using a JEOL JEM 3010 transmission electron 

microscope (TEM) operating at 300 kV. The powder specimens were suspended in isopropyl 

alcohol, and an aliquot of 5 μL was deposited on a copper grid (300 mesh) coated with holey 

carbon film. The copper grids were allowed to dry in air. 

The surface chemistry of the functionalized mesoporous zirconia nanoparticles samples was 

characterized using several supplementing analysis methods. Fourier-transform infrared (FTIR) 

spectrometric measurements were carried out with a Spectrum BX (PerkinElmer Co.) 

spectrometer in both transmission mode and with horizontal ATR accessory equipped with a 

diamond crystal. The measurements were taken between 4000 and 500 cm−1, averaging 32 scans. 

Grafting densities were calculated from mass losses in thermogravimetric analyses (TGA) of 

bare MZN and functionalized MZN performed in air from 30o C to 600o C with a heating rate of 

10o C min-1 using a Netzsch STA 409 if complete decomposition of the organic part of the 

bisphosphonic acids occurred between 200 and 600o C. 

X-ray photoelectron spectroscopy (XPS) was performed using a Perkin Elmer  5600ci 

spectrometer using nonmonochromatic Al Kα radiation (1486.6 eV) in the 10−7 Pa pressure 

range. All the binding energy (BE) values are referred to the Fermi level. The correct calibration 

of the BE scale was verified during analysis by checking the position of both Au 4f7/2 and 

Cu2p3/2 bands (from pure metal targets), falling at 84.0 and 932.6 eV, respectively [266] The raw 

XPS spectra were fitted using a non-linear least-square fitting program adopting a Shirley-type 

background and Gaussian–Lorentzian peak shapes for all the peaks (XPSPEAK41 software). 

Because of surface charging, samples presented a shift of the bands toward higher BEs: the 

charging effect was corrected by using an internal reference, depending on the considered 

nanoparticle system (Zr3d5/2 band centred at 182.4 eV for ZrO2 system 266,, Ti2p3/2 band at 

458.6 eV for TiO2 system 266, Fe2p3/2 band for 710.9 eV for Fe2O3 system 266,. The 

uncertainty of all the determined BEs was around 0.2 eV. The atomic composition was evaluated 

using sensitivity factors as provided by Θ V5.4A software. The relative uncertainty of the 

calculated atomic fraction of the different elements is around 5−10%. 

 

The ζ-potential of the MZN nanoparticles and different bis-phosphonic acid modified MZN 

nanoparticles were calculated from electrophoretic mobility measurements done with a Zeta sizer 

Nano ZS (Malvern Instruments Ltd.). The measurements were performed after dilution of 
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colloidal solutions with ultra-pure water and buffer solution (pH range 4 to 10) to 1 wt%. About 

2 mL of colloidal solutions were transferred into measuring cell. The measurements were run 

at E-field= 5.00 V/cm, T= 25 °C, with switch time at t = 33 s and averaging the obtained 

mobility data over six consecutive scans. 

X-ray powder diffraction (XRPD) spectra were recorded with a Philips X’Pert powder 

diffractometer (Bragg−Brentano parafocusing geometry). A nickel-filtered Cu Kα1 radiation (λ = 

0.15406 nm) and a step-by-step technique (step of 0.05° 2 h) with collection times of 10 s/step 

were employed. From the XRPD patterns, the quantitative analysis and size distribution of the 

crystallites were carried out by means of the Rietveld refinement. 

Grafting densities were calculated from mass losses in thermogravimetric analyses (TGA) of 

bare ZRNPS and functionalized ZRNPS performed in air from 30o C to 600o C with a heating 

rate of 10o C min-1 using a Netzsch STA 409 assuming that complete decomposition of the 

organic part of the bisphosphonic acids occurred between 200 and 600o C. 

For each of the BPs modified samples, the grafting density was calculated from the weight loss 

percentage (WBP/WZrO2) from the TGA measurements, SA=Surface area of the ZRNPS ZrO2; 

NA=Avogadro constant; MW=Molecular weight using the following equation.  

 

 

Solid State NMR spectra were recorded on a Varian Infinity Plus 400 spectrometer working at 

Larmor frequencies of 400.34 and 162.06 MHz for 1H and 31P nuclei, respectively, using a CP-

MAS probe-head accommodating rotors with outer diameters of 3.2 mm. Both 31P and 1H spectra 

were recorded under Magic Angle Spinning (MAS) at a spinning frequency of 20 kHz, using a 

Direct Excitation (DE) pulse sequence, with high-power decoupling from 1H nuclei in the case of 

31P spectra. The duration of the excitation pulse was 2 μs for both 31P and 1H nuclei. 31P-MAS 

spectra were recorded with a relaxation delay of 5 s between consecutive transients and about 

1000 scans were accumulated for each sample. The signal of H3PO4 (80%) at 0 ppm was used as 

reference for 31P chemical shift scale. 1H-MAS spectra were recorded accumulating about 200 
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transients, with a recycle delay of 5 s, for each sample. 1H-31P HETCOR spectra were recorded at 

a MAS frequency of 20 kHz, with frequency-switched Lee–Goldburg 1H homonuclear 

decoupling, using a contact time of 300 μs in order to minimize 1H spin-diffusion. 

5.2 Surface Modification of Metal Oxides (ZrO2, TiO2, SiO2, Bi2O3) 
 

The Bis-phosphonic acids functionalized NPs were synthesis by dispersing 50 mg of Metal 

Oxide (ZrO2, TiO2, SiO2, Bi2O3) nanoparticles into 5 mL MiliQ water using an ultrasonic finger. 

at room temperature. Then 5 mmol of respective mono-phosphonic & bis-phosphonic acid was 

added into the solution which was calculated to be the enough amount of necessary to give a 

complete monolayer, assuming a required area of 0.24 nm2 per mono-phosphonic acid group. 

[269] Consequently, bis-phosphonic acids were assumed to require at least 0.48 nm2/molecule. 

Then the mixture was left overnight with continuous stirring. Day after, the particles were 

separated by centrifugation for 20 min at 12000 rpm. The supernatant was discarded, and the 

particles were dispersed in 20 mL of ethanol using a vortex shaker before being centrifuged 

again. This procedure was repeated in ethanol and in water. After the last washing cycle, the 

particles were dried at ambient temperature. Typical yields ranged from 90 to 95% because of 

losses in the washing procedure. 

 

5.3 Result and Discussion 

Nanoparticle Characterization after surface Modification: 

5.3.1. Characterization of BPs@ZrNPs 

The ZrNPs functionalized with 1a were characterized by FE-SEM, Zeta potential, FTIR, TGA 

and XPS analysis. The surface functionalization of ZrNPs did not lead to structural modification 

with respect to the original naked ZrNPs, as visible from FE-SEM image reported in Figure 5.1. 

Moreover, no aggregation occurred after BP modification observing that the particles did not 

form clusters and remained well separated. 
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Figure 5.1. FE-SEM image of ZrNPs-1a. 

A series of ζ-potential measurements were carried out on the NPs obtained before and after 

functionalization with 1a-f in the range of pH between 4.0 and 10. The results reported in Figure 

8 clearly shows that the original ZrNPs are characterized by the presence of surface positive 

charges at acidic pH and that moving to higher pH the surface ζ-potential of the NPs decreases 

becoming negatively charged at pH 10, displaying an isoelectric point (IEP) falling in the range 

between pH 6.5 and 7.0. Surface modified nanoparticles with 1a-f display a different behaviour. 

In particular, it is worth to notice that for the ZrNPs-1a in all the pH range investigated the 

surface of the NPs turned out to be highly negatively charged due to the presence of several 

polyanionic 1a molecules that modify the surface of the ZrNPs and, thanks to the high charge, 

prevent aggregation and ensure high colloidal stability for several days. Similarly, all the other 

BPs provided comparable effects on the ζ-potential of the NPs, except for the amino-BP 1d. In 

the latter case at pH 4.0 the ζ-potential is highly positive due to the presence of protonated 

primary amino side chain of the BP that overall overcome the number of negative charges on the 

surface leading to positively charges NPs.  
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Figure 5.2: ζ-potential measurements of bare ZrNPs and ZrNPs functionalized with 1a-1f as a function of 

the pH of the solution 

Moving to higher pH values, the IEP at acidic pH is likely to be due to the terminal primary 

amino group that above pH 6 becomes neutral and the NPs become more and more negatively 

charged. It is worth to notice that between pH 6 and 9 all the BPs provide the nanoparticles with 

a superficial negative charge with overall potential below -20 mV that is highy responsible for 

the good colloidal stability. Moreover, repeated measurements on the same samples showed 

good reproducibility of the colloidal solutions, as clearly demonstrated by the rather small error 

scale-bar for each ζ-potential data. 

DRIFT-FTIR spectra of bare ZrNPs and ZrNPs-1a and ATR-FTIR spectrum of pure 1a are 

reported in Figure 5.3. Significant changes in the P-O region (900-1250 cm-1) were observed  

 

Figure 5.3: FTIR spectra of pure 1a (blue), bare ZrNPs (black) and ZrNPs-1a (red)(left) & FTIR spectra 

of pure 1b (blue) and spectra of ZRNPS (black) and ZRNPS 1b (red). 

comparing the free 1a with the functionalized ZrNPs-1a. The stretching vibration of the P-OH at 

906 cm-1 disappears in the infrared spectra of modified NPs, while other peaks typical of the free 

1a became a single broad band after conjugation. 
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Figure 5.4. FTIR spectra of pure 1c (blue) and spectra of ZRNPS (black) and ZRNPS 1c (red) & FTIR 

spectra of pure 1f (blue) and spectra of ZRNPS (black) and ZRNPS 1f (red). 

These modification on the IR spectrum are associated with the bonding of the BPs acid on the 

surface, probably via condensation reactions.[268, 269] The broadening and shifting of all peaks 

corresponding to the P-OH vibrations were observed for all the modified samples with BPs 1a-1f 

and this common behavior further support the covalent modification of the ZrNPs. Accordingly, 

in the case of BPs like 1b the presence of other peaks related to specific residues like the bending 

vibration of C-H bond were observed. 

The quantification of the grafting of BPs on ZrNPs was determined also by thermogravimetric 

analysis (TGA, see supporting information) and differential thermal analysis for 1a (DTA, 

Figure 5.5).  

 

Figure 5.5. DTA curve for bare ZrNPs and ZrNPs-1a (left) & TGA profile for ZrNPs as reference and for 

functionalized with different BPs (right) 
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The DTA profile shows an initial small endothermic peak at around 100 oC corresponding to the 

evaporation of the residual water and residual possible organic solvents. Other weight loss stages 

above 150 oC characterized by an exothermic peak at around 300 oC were observed and 

attributed to the decomposition of the organic BP molecules chemisorbed on the surface of 

ZrNPs. Moreover, the shifting of the exothermic peak at higher temperature in modified ZrNPs, 

compared to bare ZrNPs could be ascribable to the thermal stabilization imparted by the presence 

of the BP. Indeed, phosphonate molecules are usually used as flame retardant additives in 

polymers [270] to improve their thermal stability. 

For the BPs 1a and 1b the grafting density (GD) was calculated from the TGA measurements 

using weight loss percentage (WBP/WZrO2). In table 1 are reported the GD determined by both the 

data from the TGA and from quantitative 1H NMR. The two techniques provide information on 

the same masurement from two different points of view: the TGA measures the loss of the BP 

from the surface of the ZrNPs and the NMR measures by difference in solution the BP that is 

taken up by the ZrNPs. It is worth to notice that the two techniques for the ZrNPs provided a 

good agreement. The GD from TGA are a bit higher for 1a compared to 1b, 2.0 molecules/nm2 

and 1.5 molecules/nm2, respectively. The lower GD values obtained from TGA data compared to 

NMR data is likely to be related to the formation of zirconium phosphate species during the TGA 

experiments which are non-volatile species, thus decreasing the total mass losses calculated.  

BPs 

 

MW 

(g/mol) 

TGA 

Mass 

Loss 

Wt (%) 

GD TGA 

(molecules/nm2) 

GD  

NMR 

(molecules/ 

nm2) 

1a 176.0 15.0 2.0 3.2 

1b 190.0 13.5 1.5 3.1 

Table 1: Grafting density of BPs on ZrNPs determined both the uptake of BP from the solution by NMR 

and by TGA analysis on the modified ZRNPs. 

To further validate the presence of BPs on the surface of the functionalized ZrNPs, XPS spectra 

were performed on different samples. Being the XPS sampling depth typically around 5-10 nm, 

this technique evidences the presence on the surface of different chemical elements belonging to 

the molecules of interest. Figure 5.6 shows a wide-range survey XPS spectrum for ZrNPs-1a 

sample, evidencing the presence of bands related to Zr, O, C, and P. By detail spectra recorded in 
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higher resolution condition and after correction for the sample charging using a Zr internal 

reference (see supporting information), the binding energy (BE) was determined for Zr3p3/2 

(332.8 eV), Zr3p1/2 (345.8 eV) and O1s (530.2 eV) bands: the detected BE values are 

characteristic for ZrNPs. P2p and C1s bands were centred at 133.1 eV and 284.3 eV, 

respectively.  

  

Figure 5.6. The XPS survey spectrum of ZrNPs-1a showing a dominant signal attributed to the ZrNPs and 

weak signals attributed to P and C, related to the presence of 1a on the nanoparticles surface. 

 

C, O, Zr, P, S, and N atomic fraction for the samples ZrNPs-1b-f are summarized in Table 2 as 

detected by XPS. For all the functionalized ZrNPs samples the presence of the specific elements, 

in particular P arising from the bisphosphonate moiety, was confirmed. Moreover, the 

comparison of the atomic fraction of P, S, and N shows a good agreement with the nominal 

amount ratio of these elements in the corresponding BPs. The binding energy values of the P2p, 

S2p, and N1s bands was determined by detail spectra and the results are reported in Table 3. 

Samples C 

(%) 

O 

(%) 

Zr 

(%) 

P 

(%) 

S 

(%) 

N 

(%) 

ZrNPs 27 54 19 - - - 

ZrNPs-1a 17 62 19 ~ 2.8 - - 

ZrNPs-1b 17 61 19 ~ 2.4 - - 

ZrNPs-1c 16 61 16 ~ 4.0 ~ 1.7 - 

ZrNPs-1d 15 60 19 ~ 3.4 ~ 1.3 ~ 1.3 
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ZrNPs-1f 18 60 18 ~ 2.5 ~ 1.0 - 

Table 2: C, O, Zr, P, S, and N atomic fraction as obtained by XPS data for ZrNPs, ZrNPs-1a, ZrNPs-1b, 

ZrNPs-1c, ZrNPs-1d and ZrNPs-1f samples 

Modified 

ZrNPs 

P2p (eV) S2p (eV) N1s (eV) 

ZrNPs-1a 133.4 - - 

ZrNPs -1c 133.2 163.4 - 

ZrNPs -1d 133.2 163.6 400.7 

ZrNPs -1f 133.3 163.4 - 

Table 3: Binding energy values of P2p, S2p, and N1s bands as detected in the functionalized ZrNPs. 

The detected values are compatible with the chemical environment of the elements considered in 

the different functional groups. In particular, the P2p BE values detected for all the P-containing 

samples (falling in the range 133.2-133.4 eV) are slightly lower than those reported for the single 

BP molecule [271] This is ascribable to the coordination of the phosphonate moieties on the 

superficial Zr atoms as observed also for similar systems [271, 272] These experimental findings 

once more attest the desired functionalization of the ZrNPs. In Figure 5.7 the detail XPS 

spectrum of P2p band for ZrNPs-1a sample is reported. As far as the S2p and N1s bands are 

concerned, their BE values are consistent with the presence of S atoms in the thioether side 

chains of the BPs [273] and with N atoms in amine functionalized ZrNPs with 1d, [274] 

respectively. 
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Figure 5.7. XPS detail spectrum of P2p band, recorded for ZrNPs-1a sample 

Solid state NMR experiments on functionalized ZrNPs 

 

The functionalization of ZrNPs with 1a and 1b was also investigated by means of solid-state 

NMR spectroscopy. 31P-MAS spectra (Figure 5.8) provide useful information on the local 

environment of 31P nuclei: the spectra of both ZrNPs-1a and ZrNPs-1b show a single broad peak 

centered at about 14 and 19 ppm, respectively. These peaks are shifted by about -10 ppm with 

respect to the signals of the corresponding pure bisphosphonic acids [275]. Based on the 

literature, in which the interaction of mono- and, only in few cases, BPs with zirconia has been 

investigated exploiting 31P Solid State NMR spectroscopy [276-282], a ≈10 ppm decrease in the 

31P chemical shift can be attributed to the formation of a multi-dentate anchoring of 1a and 1b to 

the zirconia surface by reaction of P-OH to form P-O-Zr bonds. The broadness of the peaks is 

indicative of the presence of a distribution of geometries around 31P nuclei and, on the whole, of 

the amorphous nature of the organic layer. Additional information arises from 1H-MAS spectra 

(see below): for both ZrNPs-1a and ZrNPs-1b no signals ascribable to P-OH hydrogen nuclei, 

expected at about 10-11 ppm [278, 283-286] were observed, thus suggesting that most of them 

reacted with zirconia. Moreover,1H-31P HETCOR experiments, in which spatially close 1H and 

31P nuclei give rise to cross-peaks, highlighted for both ZrNPs-1a and ZrNPs-1b an expected 

strong correlation between phosphorus nuclei of 1a and 1b and 1H nuclei of directly bonded -

CH2- groups (at about 2 ppm), and a weaker correlation with protons resonating at about 6 ppm 
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(see supporting information). These protons give rise to a broad signal in the corresponding 1H-

MAS spectra, which can be ascribed to water firmly adsorbed on ZrNPs and/or possible residual 

Zr-OH groups [287], both strongly hydrogen-bonded. It is possible that these protons establish 

hydrogen-bonds also with P=O oxygens of phosphonates. Moreover, in one case [288], also P-

OH protons in functionalized mesoporous silica have been reported to resonate at 6.5 ppm, thus 

it cannot be ruled out that also some residual P-OH groups contribute to this signal.  

 

Figure 5.8. 31P DE-MAS spectra of: (a) ZrNPs-1a (b) ZrNPs-1b (c) ZrNPs-6e (d) 6e. 

 

For comparison we also looked at ZrNPs functionalized with 3-phosphonopropionic acid 6e. In 

Figure 4.11 the 31P-MAS spectra of ZrNPs-6e and of pristine 6e are reported. While pristine 6e 

shows a single narrow peak resonating at about 35 ppm, characteristic of a crystalline solid, 

ZrNPs-6e gives rise to a very broad signal centered at a chemical shift of 20 ppm, with a minor 

component at about 8 ppm. Similarly to BPs, the 15 ppm decrease of the chemical shift in 

passing from the pure acid to the zirconia hybrid can be ascribed to a bi-dentate anchoring of 6e 

on the zirconia surface, involving the reaction of most P-OH groups. The small signal at 8 ppm 

can be tentatively ascribed to a minor fraction of molecules forming a tri-dentate anchoring also 
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involving the P=O group or to a small amount of bulk metal phosphonate [277]. 1H-MAS spectra 

(see below) confirmed these results: in the spectrum of ZrNPs-6e a signal at about 11 ppm, due 

to P-OH, observed in the spectrum of pristine 6e, is not recognized, suggesting that most of P-

OH groups reacted. Moreover, while in the 1H-31P HETCOR spectrum of pristine 6e (see below) 

cross-peaks were observed between phosphorus nuclei and methylene (at about 2 ppm) and P-

OH (at about 11 ppm) hydrogen nuclei, the HETCOR spectrum of ZrNPs -6e appeared 

completely similar to that of ZrNPs-1a and ZrNPs-1b. 

1H-MAS and 1H-31P HETCOR Solid State NMR spectra of BP functionalized ZrNPs 

In the 1H-MAS spectra of all samples (Figure 5.9), apart 3-phosphonopropanoic acid 6e, intense 

signals of hexadecylamine and ethanol used in the synthesis, are present between 0 and 4 ppm. In 

the spectrum of ZrNPs it is possible to recognize (also with the support of a spectral fitting) an 

intense signal at about 5 ppm, ascribable to physiosorbed water and Zr-OH and a broad one 

centered at about 6.5 ppm, likely due to water and Zr-OH strongly hydrogen-bonded. Indeed, 

after heating in oven, the intensity of the former peak strongly decreases, while the latter remains 

approximately the same. In all functionalized ZrNPs samples (spectra c, d, f) the region at high 

chemical shifts is still dominated by the peak at about 6 ppm. The spectrum of pristine 6e shows 

an intrinsic worse signal resolution, due to the strongly rigid character of the crystalline solid and 

the consequently strong homonuclear dipolar couplings. The signal at lowest chemical shift can 

be ascribed to CH2 protons, that at about 7 ppm is likely due to tightly bound water, while the 

broad signal above 10 ppm could be fitted with one peak at about 11 ppm, ascribable to P-OH 

protons and one at about 14 ppm due to COOH protons. 
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Figure 5.9. 1H-MAS spectra of (a) ZrNPs (b) ZrNPs after heating at 80°C for 4 hours (c) ZrNPs -1a (d) 

ZrNPs -1b (e) 6e (f) ZrNPs -6e. 

 

Figure 5.10. 1H-31P HETCOR spectrum of ZrNPs -1a (left) & 1H-31P HETCOR spectrum of 6e (right) 
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5.3.2 Characterization of MBP@ BiNPs 

The uptake of 1a was rapid since after 10 min the loading was achieved 78% and after 1h it did 

not grow above with 82%. The saturation of the surface of the Bi2O3 NPs was rapid due to the 

very small surface area. In fact, a GD of more than 80 molecules per nm2 which means a 

multilayer coverage of the non-porous material, probably due to initial coordination on the 

superficial metal centers followed by H-bonding interactions between molecules of BPs. Release 

test showed that at pH 4 no release was observed after 2h and at pH 8.8 only 10% release was 

present after 2h. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: FTIR spectra of 1a@BiNPs with comparison of BiNPs and pure molecules MBP 

The FTIR spectra for MBP and MBP@BiNPs are compared. The broadness and complexity of 

the peaks in this region make it difficult to interpret, but the large changes observed show that a 

strong interaction of the phosphonate headgroup with the BiNPs surface is present. Band at 3500 

~ 3400 cm-1 is a characteristic group frequency from the stretch vibration of O-H. The broad 

band at 2800~3200 cm-1 comes from C-H stretch vibration and the stretch -CH2 of located at 

2880 cm-1. The broad band around 700 ~ 400 cm-1 originates from the metal-oxygen (Bi-O) 

vibration. Moreover, the asymmetric and the symmetric stretching vibrations of the P-OH at 906 

and 962 cm-1 disappear in the infrared spectra, which are associated with covalent bonding of 

phosphonic acid to the surface of BiNPs. 

5.3.3. Characterization of  MBP@ TiNPs 

The bonding of MBP towards TiNPs was evidenced using FTIR using the 400–1400 cm-1 range. 

At all the pH range zeta potential value all negative due to the presence of several polyanionic 

MBP molecules that modify the surface of the TiNPs as like ZrNPs. 
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  Figure 5.12: FTIR spectra of MBP@TiNPs with comparison of TiNPs and pure molecules MBP (left) & 

ζ-potential measurements of bare ZrNPs and ZrNPs functionalized with MBP as a function of the pH of  

The affinity tests with 1a showed a quantitative uptake just after 10 minutes as predicted by the 

affinity of monophosponates for iron magnetic nanoparticles [291] 

 

NPs 

Surface Area 

(m2/g) 

Average Size 

(nm) 

Loading 

(%) 

GD 

NMR (molecules/ 

nm2) 

SiO2 950 160 55 1-2 

TiO2 17 100 93 7.2 

Bi2O3 15 123 82 8.2 

Fe3O4 176 5.4 >98 8.5 

Table 4: Binding efficiency of MBP 25 mM on 50 mg of different NP oxides at pH 4.0 determined by 1H 

quantitative NMR after 1h. 

To further analyze the oxides that showed affinity for MBP, XPS analyses were performed on 

functionalized TiO2, Bi2O3 and Fe3O4 NPs. In Table 6 the atomic fractions of the main elements 

are reported (as obtained by XPS data), evidencing the effectiveness of the functionalization with 

MBP by the detection of P on the surface of the NPs 

 

Samples Ti 

(%) 

Bi 

(%) 

Fe 

(%) 

O 

(%) 

C 

(%) 

P 

(%) 

TiO2 NPs-MBP 18 - - 63 15 ~ 4.0 
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Bi2O3 NPs-MBP - 6 - 37 53 ~ 3.7 

Fe3O4 NPs-MBP - - 40 43 16 ~ 0.8 

Table 5: Ti, Bi, Fe, O, C, and P atomic fraction as obtained by XPS data for TiO2, Bi2O3 and Fe2O3 

nanoparticles after MBP functionalization 

Calculating the atomic fraction ratio P/metal from data reported in Tables 2 and 6, a marked 

efficiency of the MBP functionalization is evidenced in the case of Bi and Ti oxide NPs. This is 

likely due, as observed before, to the possible formation of multilayers of MBP on the Bi2O3 and 

TiO2 NPs that are both characterized by rather low surface area and that showed high values of 

GD. 

5.4 Application of thiol bearing BPs as linker of mMZN and AuNPs 

For nanomedical applications, a system that could exploit different properties may represent the 

right answer to the urgent demand of a complete theranostic system and excellent biosensor. 

Coupling together magnetic and plasmonic properties is an interesting approach to achieve this 

goal. Furthermore, SERS signals associated to magnetic nanoparticles are useful for the 

identification of different analytes, also separated with a magnetic sorting [292-295]. SERS 

signals show intensities similar to those of fluorescence, but with some advantages, such as 

narrow peaks with characteristic fingerprints and absence of bleaching. To do this, other member 

of my research group prepared a nanotool exploiting both magnetic and plasmonic properties 

using free thiol end group bearing bisphosphonic acid (BPODE, 1h) (see section 2.4.18) to 

modify the magnetic zirconia nanoparticles (mMZN) and then to attach the gold nanoparticles. 

This was obtained through the synthesis and characterization of cobalt-ferrites/zirconia 

nanocomposites, showing magnetic properties comparable to the ones of bulk cobalt iron oxides. 

The spherical nanoparticles (mMZN) were modified with a thiol functionalized bisphosphonic 

acid 1h, which was used to link gold nanoparticles and obtaining nanostructures with magnetic 

and plasmonic properties. 

The sample mMZN has been successfully functionalized with bis-phosphonic as proved by 

EDX, IR, ζ-potential analysis. In EDX measurements the mMZN-1h spectrum shows the sulfur 

peak at 2.30 keV that is evident when compared with the pattern of the unmodified MZN. 
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Figure 5.13: DRIFT- IR spectra  of MZN (black line),  pure 1h (blue line) and MZN-1h (red line); ζ-

potential measurements of bare MZN, mMZN and MZN functionalized with 1h as a function of the pH of 

the solution (middle) and EDX spectra of MZN-1h, red spectra for unmodified MZN, black line for MZN 

modified with 1h. 

For plasmonic applications, the mMZN functionalized with 1h were coupled with gold 

nanoparticles obtained by laser ablation. TEM and FEG-SEM images, reported in 4.18, clearly 

show the presence of the AuNP on the surface of the mMZN nanoparticles.  

 

Figure 5.14. 1:FEG-SEM and TEM images of mMZN-@Au. 

Magnetic and plasmonic properties of all nanostructures were performed but these are not 

included in this thesis. 
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Optical properties of Neodymium doped Zirconia NPs 

The Ln3+ ions embedded in inorganic nanomaterials, such as the oxides and fuorides, are 

considered as a new generation of optically active bioprobes. Compared to fluoride NPs, Ln3+ 

doped inorfanic oxide NPs are attractive luminophores because of their unique spectral 

characteristics: long luminescence lifetime, resistance to photobleaching, sharp luminescence 

bands that are spaced across the entire visible and near-infrared (NIR) spectral region depending 

on the choice of the Ln3+, and minimal intra- and inter-Ln3+ emission spectral band 

overlap[296−301]. Zirconia (ZrO2), possessing low phonon energy (470 cm−1) and high host 

absorption coefficient,[303] is considered as an ideal oxide host for Ln3+ doping to achieve 

intense long-lived luminescence of Ln3+,[304] which is the prerequisite for its bioapplications. 

Moreover, neodymium ions (Nd3+) present emission bands in the first and second biological 

windows (890, 1060, and 1300 nm), all of which can be used for in vivo imaging purposes [302]. 

However, it remains a challenge to synthesize biocompatible bioprobes based on sub-5 nm oxide 

NPs. Usually oxide NPs were prepared via coprecipitation followed by calcination or post 

annealing procedures, which unfortunately often result in large, aggregated, and hydrophobic 

NPs.[305] The synthesis of Nd3+ doped ZrNPs with controlled size, structure and surface 

properties is thus of technological and fundamental importance. So far, multistep synthetic routes 

involving wet chemical synthesis such as sol–gel, precipitation and microemulsion-based 

methods followed by high temperature annealing have been reported for the preparation of 

zirconia nanoparticles doped with other Ln3+. 

Here we present a study of non-aqueous synthesis of metal of ZrNPs doped with Neodymium at 

different concentrations and then non-aqueous NPs convert into water soluble NPs. The 

investigation of the optical properties combined with the information obtained from the structural 

and chemical characterization. 

 

6.1 Materials and metods  

6.1.1 Chemicals 

Zirconium (IV) isopropoxide isopropanol (99.9%), neodymium (III) acetate hydrate (99.9%) and 

benzyl alcohol (99%), oleic acid (90%), hexane (99%,), ethanol (100%, Commercial Alcohols) 

were used as received from Aldrich Inc. 

6.1.2 Synthesis of Nd3+-doped ZrNPs 

Monodisperse Nd3+ doped ZrNPs were synthesized according to a modified solvothermal 

procedure reported in the literature [306].  Briefly, the assembly of precursors was done in a 

glove box (<0.1ppm H2O) to ensure highest purity. A Teflon cup with an inner volume of 45mL 

was charged with benzyl alcohol (20 mL), zirconium (IV) isopropoxide isopropanol complex 

(5.72 mmol) and the appropriate amount of neodymium acetate hydrate corresponding to 1, 3, 5, 

7, 9, 11 mol% as to the zirconia. After sliding the Teflon cup into a steel autoclave, the autoclave 

was sealed and removed from the glove box. The particle synthesis was conducted by placing the 

autoclave in a preheated oven at 230 8C for 2 days. A milky suspension resulted, which was 
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centrifuged, and the white precipitate washed three times with ethanol. For the post-

functionalization treatments, the obtained powders were not dried after washing but a chloroform 

solution of oleic acid (50 mg in 5mL CHCl3) was added immediately after the decantation of 

ethanol. Upon sonication for 5 min, a transparent dispersion was formed. 

 

6.1.3 Synthesis of water soluble Nd3+-doped ZrNPs   

 

To obtain water dispersible NPs, procedure was adapted from the procedure the literature [307] 

with some modification. 250 mg of oleate-capped Nd3+-doped ZrNPs obtained from the previous 

step were dispersed in 25 mL of hexane and mixed with 25 mL of a HCl solution (adjusted to pH 

4). The mixture was kept on a shaker for 3 h, and subsequently transferred into a separation 

funnel, from which the aqueous phase containing the Nd3+-doped ZrNPs was collected. The NPs 

were precipitated with acetone (1:5 aqueous: organic ratio), collected by centrifugation and re-

dispersed in 25 mL of HCl (adjusted to pH 7). The dispersion was placed on the shaker for an 

additional 2 h. Finally, the NPs were precipitated with acetone, washed three times with acetone 

and water, collected by centrifugation and dispersed in water for further experiments. 

 

6.1.4 Characterization techniques 

The crystalline phase of all nanostructures under investigation was analyzed by X-ray diffraction 

(XRD, Bruker D8 Advanced Diffractometer, Cu Kα radiation). The morphology was analyzed 

by means of TEM using a JEOL JEM 3010 microscope (1.7 Å point to point resolution at 

Scherzer defocus). Before TEM measurements, each sample was further diluted in water to an 

approximate concentration of 0.1 mg/mL and sonicated for 2 min. Luminescent measurements 

were carried out under 980 nm excitation using a laser diode (Thorlabs fiber-coupled laser 305 

diode). The laser beam was focused on the sample using a lens to obtain a spot with a Gaussian 

intensity distribution with a 0.4 mm diameter. The emitted light was collected by a lens in a 90° 

configuration, and then transferred to a spectrophotometer (Avaspec-2048L-USB2) using an 

optical fiber. 

 

6.2 Results and discussion 

XRD patterns of the as prepared ZrNPs with varying Neodymium concentration are shown in 

Figure 6.1 and compared with undoped ZrNPs. Due to the nanocrystalline nature of the ZrO2, a 

significant broadening of the reflections is observed; however, it is clearly visible that the 

relative intensity and position of the peaks match well with the cubic fluorite crystal structure of 

zirconia (JCPDS 27-991). From our XRD data, it is visible that the crystallinity of the doped 

samples is as high as for the undoped sample, with no phase change or any additional phases 

appearing even for the sample with doping concentration of 11 mol%, indicating that the 

europium ions are homogeneously distributed within the zirconia. 
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Figure 6.1. XRD patterns of undoped and Nd3+-doped ZrNP 

with varying dopant concentration. 

In Figure 6.2, TEM images of the 1 mol%, 5 mol% and 9 mol% Nd3+-doped ZrNPs are 

presented, with the overview images showing the presence of spherical nanoparticles with a 

mean diameter of 4 nm, which is in good agreement with the results from XRD analysis. For all 

samples, the nanoparticles possess a rather narrow particle size distribution. 

 

 

Figure 6.2. TEM images of the 1 mol% (eft), 5 mol% (middle) and 9 mol% Nd3+ doped ZrNPs 

 

The materials will be used for infrared fluorescence bioimaging. These data require additional 

time for acquisition and are not included in this thesis. 
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7. Conclusions 

In conclusion we successfully developed a straightforward method for ZrNPs surface 

modification based on the interaction with aqueous solutions of bisphosphonic acids. The latter 

class of organic molecules can be easily prepared bearing different substituents in the side chain 

that can be tailored in terms of length of C atoms, presence of functional groups and polarity. 

The use of BPs enabled the functionalization of the ZrNPs leading to new highly charged 

materials characterized by very low aggregation properties and high colloidal stability. The 

interaction between the BPs and the ZrNPs has been thoroughly investigated by quantitative 1H 

NMR in solution to ascertain the effects of the structures and charges of the organic BPs, and by 

TEM, SEM, ζ-potential measurements, IR, TGA, solid state NMR and XPS to investigate the 

surface properties of the NPs before and after functionalization. Overall, the BPs ensure higher 

affinity compared to commercially available monophosphonates thanks to both better chelating 

properties and higher charge content. BPs turned out to be suitable for the modification of the 

surface properties of ZrNPs with a straightforward method that resembles the use of trichloro or 

tris-alkoxysilanes with silica NPs but based on much simpler, faster covalent process with no by-

product formation. The possibility to use BPs bearing other functional groups in the side chain 

like amino, carboxylic acid and alkene paves the way for further covalent functionalization, in 

particular for biomedical applications. Moreover, thanks to preliminary experiments here 

reported, the functionalization method could be extended to other nanostructured metal oxides 

such as TiO2, Bi2O3 and Fe3O4 for which the traditional tris-alkoxysilane method is commonly 

employed. 
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