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SUMMARY / ABSTRACT 

 

 Gel systems have found extensive applications in the medicinal/pharmaceutical field 

because of their ease of preparation, ability for modifications, and responsiveness to external 

chemical or physicalstimuli. Gels usually act as hosts for active pharmaceutical agents for a variety 

of pathological conditions. They function as controllers of the release of pharmaceuticals that have 

proven to be “problematic” because they are either unsuitably insoluble to biological fluids, or they 

are metabolized unacceptably rapidly. 

 Among the known bone diseases (osteoporosis, osteoarthritis, multiple myeloma, Paget’s 

disease and several others), the most challenging is osteoporosis, which burdens millions of people 

compromising patients’ quality of life. The recommended pharmaceutical treatment is the use of 

bis-phosphonates (BPs, a.k.a. “-dronates”). Etidronic acid (ETID) is the first osteoporosis treatment 

to enter the market (1977), while zoledronic acid is one of the treatments that followed (2007). 

Studies with N-containing BPs have shown that they are taken up by mature osteoclasts and inhibit 

farnesyl pyrophosphatase synthase, an enzyme of the mevalonate pathway. Their success in 

mitigating osteoporosis notwithstanding, these “-dronate” drugs present a number of challenges 

including limited bioavailability, fast excretion, and numerous side-effects, such as osteonecrosis of 

the jaw, hypocalcemia, esophageal cancer, ocular inflammation, atrial fibrillation, etc.. It is, 

therefore, imperative to design and fabricate “smart” systems that allow controlled delivery of the 

active BP agent, which will depend on the patient’s needs and idiosyncrasies.  

 In this study, we report a detailed study on an easy-to-prepare a silica hydrogel-type DDS 

that can host and incorporate a variety of BPs. Several factors have been found to influence the 

controlled release of the active BP, such as cations present in the gel, active groups on the BP 

backbone, gel density, and temperature. These systems are intended for potential biomedical 

applications.  

 

 

 

 

 



 

 

ACKNOWLEDGEMENTS 

 

 Firstly, I would like to thank the Members of my 7-member dissertation committee - not 

only for their time and extreme patience, but for their intellectual contributions to my development 

as a scientist and as a person. These are: Dr.  Pantelis Trikalitis(Professor of Inorganic Chemistry, 

Department of Chemistry, University of Crete, Greece), Dr. Haralambos E. Katerinopoulos 

(Professor of Organic Chemistry, Department of Chemistry, University of Crete, Greece), Dr. 

Apostolos Spyros(Tenured Assistant Professor of Analytical Chemistry, Department of Chemistry, 

University of Crete, Greece), Dr. Athanasios G. Coutsolelos (Professor of Inorganic Chemistry, 

Department of Chemistry, University of Crete, Greece), Dr. Vadim V. Annenkov(Senior 

Researcher, Limnological Institute of Siberian Branch of Russian Academy of Sciences, Irkutsk, 

Russian Federation) and Dr. Petri A. Turhanen(Senior Researcher,School of Pharmacy, University 

of Eastern Finland, Finland). Special thanks go to Dr. Eike Brunner (Professor of Bioanalytical 

Chemistry, Technical University of Dresden-TUD, Germany) and Stephan Bruckner (PhD 

Candidate at TUD) for their help in Solid Sate NMR measurements. Special thanks go to Dr. Petri 

A. Turhanen as well, for bisphosphonate drug samples and synthetic issues. I also would like to 

thank all of my lab mates in Crystal Engineering Growth and Design Laboratory (CEGD Lab, 

Department of Chemistry, University of Crete, Greece).  

 Most of all, I would like to thank my PhD Thesis advisor and personal tutor, Dr. 

Konstantinos D. Demadis (Professor of Inorganic Chemistry, Department of Chemistry, University 

of Crete, Greece).  I am indebted and thankful for the fresh new opportunities he has offered me. At 

several points during my thesis work, Professor Demadis put my interests as a student ahead of his 

own. His ultimate concern for the welfare of his students is noteworthy. I also thank him for 

appreciating my research strengths and patiently encouraging me to improve my weaker areas. His 

strong support of my own ideas and research directions, and confidence in my abilities were 

benefits for me. Obtaining a PhD degree can be a difficult, draining experience. I am proud to say 

that my experience at the “Demadis Lab” was intellectually exciting and creative, and has energized 

me to continue my endeavors in academic research. I sincerely hope I will be able to continue to 

have opportunities to interact with “my Boss” for the rest of my research career and life as well. I 

would like also to thank the “Alexander S. Onasis” Public Benefit Foundation in Greece for my 

PhD Scholarship.  

 Finally, special thanks to Miss Demetra K. Dimitriou(Volos City, Greece), to her “old” and 

her “new” family also, for supporting my efforts with their own unique way… 



 

 

 

  



 

 

TABLE OF CONTENTS 

1 PHOSPHONATES IN MATRICES ........................................................................... 1 

1.1 INTRODUCTION.PHOSPHONIC ACIDS AS VERSATILE MOLECULES. ............................. 1 

1.2 ACID-BASE CHEMISTRY OF PHOSPHONIC ACIDS ........................................................ 2 

1.3 INTERACTIONS BETWEEN METAL IONS AND PHOSPHONATE LIGANDS. ....................... 5 

1.4 PHOSPHONATES IN “ALL-ORGANIC” POLYMERIC SALTS ............................................ 8 

1.5 PHOSPHONATES IN COORDINATION POLYMERS ....................................................... 14 

1.6 PHOSPHONATE-GRAFTED POLYMERS ...................................................................... 15 

1.7 POLYMERS AS HOSTS FOR PHOSPHONATES AND METAL PHOSPHONATES ................. 26 

1.8 APPLICATIONS ........................................................................................................ 30 

1.8.1 Proton Conductivity. 31 

1.8.2 Metal Ion Absorption. 35 

1.8.3 Controlled release of phosphonate pharmaceuticals. 38 

1.8.4 Corrosion protection by metal phosphonate coatings. 42 

1.8.5 Gas storage. 43 

1.8.6 Intercalation. 44 

2 SILICA-BASED POLYMERIC GELS AS  

PLATFORMS FOR DELIVERY OF PHOSPHONATE PHARMACEUTICS ..... 46 

2.1 MATRICES IN CONTROLLED DELIVERY GEL SYSTEMS: THE CASE OF SILICA ............. 46 

2.2 CONTROLLED RELEASE SYSTEMS ........................................................................... 48 

2.3 BISPHOSPHONATES (BPS) IN CONTROLLED RELEASE SYSTEMS ............................... 50 

3 EXPERIMENTAL SECTION .................................................................................. 57 

3.1 GENERAL DESCRIPTION .......................................................................................... 57 

3.2 MATERIALS ............................................................................................................ 59 

3.3 INSTRUMENTATION ................................................................................................ 59 

3.4 GENERAL COMMENTS ON THE SYNTHESIS OF BISPHOSPHONATES ........................... 60 

(DATA AND INFORMATION WERE KINDLY PROVIDED BY OUR COLLABORATORS FROM THE 

UNIVERSITY OF EASTERN  FINLAND, SCHOOL OF PHARMACY, KUOPIO, FINLAND) ...... 60 

3.4.1 General. 60 

3.4.2 Synthesis of  

1-hydroxybutane-1,1-bisphosphonic acid disodium salt (C3BP). 60 



 

 

3.4.3 Synthesis of 

 1-hydroxyhexane-1,1-bisphosphonic acid disodium salt (C5BP). 62 

3.5 PREPARATION OF GELS ........................................................................................... 63 

3.6 CONTROLLED RELEASE OF BPS FROM GELS ............................................................ 64 

3.7 SEM STUDIES ......................................................................................................... 65 

3.7.1 SEM characterization 

 and imaging of “empty”, “drug-loaded”,”used” gels. 65 

3.7.2 EDS characterization. 69 

3.8 MATHEMATICAL DATA TREATMENT ....................................................................... 70 

4 RESULTS AND DISCUSSION ................................................................................ 72 

4.1 COMMENTS AND DISCUSSION ON THE RESULTS ...................................................... 72 

5 CONCLUSIONS & PERSPECTIVES ..................................................................... 91 

6 BIBLIOGRAPHY ...................................................................................................... 96 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

1 

 

1 PHOSPHONATES IN MATRICES 

1.1 Introduction.Phosphonic acids as versatile molecules. 

 

 Phosphonic acids constitute a special class of molecules within phosphorus-containing 

compounds.[1] The phosphonic acid group is a pentavalent, tetrahedral P atom connected via a 

double bond to O (P=O), while it forms two P-O single bonds with two OH groups, Figure 1-1 The 

P atom also has a single bond with carbon (P-C), the latter originating from an aliphatic or aromatic 

fragment. 

P

O

O

O

H

H

R =R

aliphatic or 
aromatic 
fragment

 

Figure 1-1. The chemical identity of the phosphonic acid group. 

 The H atoms exhibit variable acidity. A thorough review has been published on the acid 

behavior of several phosphonic acids.[2] In this review the authors make available experimental 

data on stability constants of proton and metal complexes for ten phosphonic acids. These are: 

methylphosphonic acid, 1-hydroxyethane-1,1-diylbisphosphonic acid, 

dichloromethylenebisphosphonic acid, aminomethanephosphonic acid, N-

(phosphonomethyl)glycine, imino-N,N-bis(methylenephosphonic acid), N-methylamino-N,N-
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bis(methylenephosphonic acid), nitrilotris(methylenephosphonic acid), 1,2-diaminoethane-

N,N,N′,N′-tetrakis-(methylenephosphonic acid), and diethylenetriamine-N,N,N′,N″,N″-pentakis-

(methylenephosphonic acid). The data were taken from papers published in the time frame 1950–

1997. The acid-base behavior of phosphonic acids will be discussed further in a subsequent part of 

this chapter. 

 Phosphonic acids are widely used in a variety of applications. Their ability to prevent 

precipitation of alkaline-earth metal sparingly-soluble salts at substoichiometric concentrations 

(threshold inhibition effect) finds wide application in chemical water treatment for scale 

inhibition.[3] Others are used extensively in laundry detergent formulations.[4] Some are also used 

as corrosion inhibitors,[5] in industrial cleaning[6] and in peroxy bleach stabilization.[7] Uses of 

organophosphonates span applications in flame-resistant polymers,[8],[9],[10],[11],[12] 

photographic processing,[13] ore flotation (aminophosphonic surfactants),[14] actinide separation 

processes,[15],[16] and analytical chemistry.[17] Recently, organophosphonates have been 

identified as promising reagents for the creation of so-called “structurally tailored” materials[18] 

and microporous materials,[19] in catalysis[20]and in the electrochemical treatment of polluted 

soils.[21] 

 The high biological activity of carboxyalkylphosphonates, aminoalkylphosphonates, and 

alkylenediphosphonates makes them useful agents as components of microfertilizers and pesticides 

in agriculture,[22] as well as drugs and diagnostic reagents in biology and medicine.[23] Annual 

industrial output of organophosphonates is in the thousands of tons.[24] 

1.2 Acid-Base chemistry of phosphonic acids 

 

 As mentioned before, the phosphonic acid group exhibits variable acidity. There are two, 

step-wise deprotonation processes, as shown in Figure 1-2. 
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Figure 1-2. The two deprotonation processes in the phosphonic acid group. 
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The pKa values depend on the backbone of the phosphonic acid molecule, and the presence of other 

functional groups (eg. amino, sulfonate, carboxylate, etc). 

 We will refer to some notable examples of phosphonic acids and their acid-base behavior. 

Hence, the schematic structures of some (poly)phosphonic acids are shown in Figure 1-3. 

 

Figure 1-3. Schematic structures of different structure types of (poly)phosphonic acids. 

 

The protonation constants of iminobis(methylenephosphonic acid) (IDPH, H4idph, H4L), N-

methyliminobis(methylenephosphonic acid) (MIDPH, H4midph, H4L) and 

nitrilotris(methylenephosphonic acid) (NTPH, H6ntph, H6L) were determined by 31P NMR 

spectroscopy at 25 C in 0.1 M KNO3 at 11 </pH </14. For equilibrium L + H  /HL, log K =/11.5 

(0.1), 12.2 (0.1) and 12.9 (0.1), respectively.[25] 

 Protonation constants for three common polyphosphonic acids (AMP, HEDP, and DTPMP) 

have been reported, see Table 1-1.[26] 
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Table 1-1.Protonation Constants of AMP, HEDP and DTPMP (for chemical structures see 

Figure 1-3). 

 

a Data taken from Ref. [27]. Conditions: I = 0.1 molL-1 (KNO3), T = 25  0.5 C. 

b Data taken from Ref. [28]. 

 

 An important observation is the very high acidity of the first acidic proton. Speciation 

graphs, like the one shown in Figure 1-4, are useful in gaining an overview of acid-base behavior of 

phosphonic acids, particularly when they interact with metal ions of variable charge to form hybrid 

materials or salts, as we will see in a following paragraph. 

 

Figure 1-4. Distribution of AMP phosphonate ionic species as a function of pH. Reprinted 

with permission from Reference 21, Copyright (2006) American Chemical Society. 

The group of Vepsäläinen has studied the protonation constants of a series of bis-phosphonic acids, 

of the “dronate” family, used as therapeutics for osteoporosis.[29] The following general trend can 

be found in the results of this study: the lengthening of the CH2 chain between BP and amino 
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groups decreases the value of the first protonation constant (pKa5, amino group) and increases the 

values of the other protonation constants (phosphonate groups) in most cases (Table 2). 

 

Table 1-2.The stepwise protonation of compounds 1,2,3,4 and 5, as reported by Vepsäläinen 

et.al.[29]. 

 

1.3 Interactions between metal ions and phosphonate ligands. 

 

 The simplest organophosphonate, methylphosphonic acid, reveals higher ML complex 

stability than acetic acid (by about one order of magnitude) for both alkaline earth and 3d-metal 

ions. This fact demonstrates the almost equal importance for coordination compound stability of an 

increase in ligand basicity and an increase in number of ionic and covalent bonds. Within the 3d-

elements definite but small deviations from the Irving–Williams sequence can be seen: Cu > Mn > 

Co ~ Ni. Although the systematic error is higher than some of the differences in lgKML, the relative 

error is expected to be small enough to make this a valid conclusion. 

 Bisphosphonates have significantly higher stability constants than those of monodentate 

alkylphosphonic acids owing to both higher basicity and bidentate coordination. The lgKML values 

for HEDPA and CMDPA are also much higher than those for the dicarboxy analog malonic acid. 

For the pair HEDPA/CMDPA, there is a reasonable difference in stability that can be attributed to 

the electron withdrawing effect of the two Cl substituents. 

 Aminomethylenephosphonic acids (AMPH, IDPH, MIDPH, NTPH) also demonstrate 

generally higher affinity to cations than their carboxy analogs, see Table 1-3.[30],[31], 

[32],[33],[34],[35] 
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Table 1-3.Stability constants (lgKML) of aminomethylenephosphonates and their carboxy 

analogs (I = 0.1 M, T = 25 C). 

 

 The complexation constants of AMP and HEDP with different metal cations were 

determined.[36] These two phosphonic acids are used in detergents as builders, because of their 

complexing properties, especially the complexation with calcium and heavy metal cations. The 

cations studied were those usually encountered in natural waters (Ca2+, Zn2+) and anthropogenic 

heavy metals (Cu2+, Ni2+, Cd2+, Pb2+).  

 The equilibrium constant values and the titration curves point out the following order: 

 

AMP: Cu2+>Zn2+>Pb2+>>Cd2+>Ni2+>>Ca2+ 

HEDP: Cu2+> Zn2+>>Cd2+>Ni2+>Ca2+ 

 

The affinity order for all the cations is the same for AMP and HEDP. The AMP complexiatiomn 

constants for each cation are higher than those of HEDP, particularly with Cu2+ and Zn2+(difference 

of six log units). 

 Stone et al. have studied the formation of metal ion-chelating agent complexes in aqueous 

solution in an excellent review.[37] They also studied and compared the adsorption of various 

phosphonates onto (hydr)oxide mineral surfaces, Figure 1-5. Interconnections between the 

coordination chemistry and chemical reactivity of phosphonates were also made. 
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Figure 1-5. Adsorption of five phosphonate molecules onto goethite surfaces. Reprinted with 

permission from Reference[37], Copyright (2002) American Chemical Society. 

 Synthetic manipulation of organic platforms by introducing phosphonate groups often yields 

highly selective ligands. For example, Gałezowska et al. described the synthesis of two new ligands 

(L2 and L3) composed of ethylenediamine (EN), pyridyl (Py) moieties and phosphonic groups, 

designed to bind metal ions with the donor set based on four nitrogen atoms and two phosphonic 

units (Figure 1-6).[38] These ligands were used to evaluate their coordination abilities towards 

Cu2+, Ni2+ and Zn2+, and compare those to ligand L1. 

 

Figure 1-6. Chemical structures of studied ligands L1, L2, L3. Reprinted with permission 

from Reference [38], Copyright (2009) Elsevier. 
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 Ligands L1 and L2 possessing the ethylenediamine core situated closely to the phosphonic 

acid units bind the Cu2+, Ni2+ and Zn2+ions using the same donor set, two N atoms from 

ethylenediamine and two O atoms from phosphonate. The presence of the pyridyl moieties in L3 

leads to very effective ligand (pM 15.27) for Cu2+ ions, with tetradendate coordination mode and 

axial involvement of two phosphonate groups in Zn2+ and Ni2+ octahedral complexes. Ligand L3 is 

able to involve a four-nitrogen donor system and additionally two phosphates and is unusually an 

effective ligand for both planar and octahedral complexes 

1.4 Phosphonates in “all-organic” polymeric salts 

 

 When phosphonic acids deprotonate they can interact in solution or in the solid state with 

organic cations. The salts that form could be envisioned as “all-organic”, since they do not contain 

metal ions. In this section we will review some representative examples of materials that conform to 

the general type “organic cation-phosphonate”. 

 An example of an “intramolecular” salt is the heterotopic phosphonic acid, 3-amino-5-

(dihydroxyphosphoryl)benzoic acid, which was synthesized and structurally 

characterized,[39]Figure 1-7. 

 

Figure 1-7. (a) View of the molecular structure of 3-amino-5-(dihydroxyphosphoryl)benzoic 

acid. (b) View of the O-H---O hydrogen bonded chains of zwitterionic 3-amino-5-
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(dihydroxyphosphoryl)benzoic acid molecules. (c) Crystal packing of 3-amino-5-

(dihydroxyphosphoryl)benzoic acid showing the layered structure. Dashed lines represent the 

O-HO and N-HO hydrogen bonds. Reprinted with permission from Reference [39], 

Copyright (2013) Elsevier. 

 

 Long-chain monophosphonates with ammonium and ethylenediammonium cations have 

been structurally characterized. Specifically, the crystal structure of ammonium 1-

decylphosphonate, and ethylenediamonium 1-decylphosphonate 1.5 hydrate have been 

reported.[40] The layered structure of the crystal of ammonium 1-decylphosphonate is dominated 

by the complex system of hydrogen bonds between phosphonate group and ammonium ion (Figure 

1-8). The 1-decylphosphonate ions are situated in the head-to-head and tail-to-tail relation. The very 

wide amphiphilic layers (26.345(5) Å) parallel to the ab crystallographic plane are built of the 

hydrophilic central part and the external, hydrophobic part. The interlayer contacts are of the very 

weak Van der Waals type, since the aliphatic chains do not interdigitate. 

 

 

 

 

 

Figure 1-8. View of the molecular unit of ammonium 1-decylphosphonate (left) and the crystal 

packing (right). Reprinted with permission from Reference [40], Copyright (2012) Elsevier. 

 

 The organization of the crystal of ethylenediamonium 1-decylphosphonate is very similar to 

that of the crystal of ammonium 1-decylphosphonate, Figure 1-9. The crystal structure of the latter 

is more compact than that of the former because the aliphatic chains interdigitate. The phosphonate 

groups interact with ethylenediamonium cations through four strong hydrogen bonds. 
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Figure 1-9. View of the molecular unit of ethylenediamonium 1-decylphosphonate 1.5 hydrate 

(left) and the crystal packing (right). Reprinted with permission from Reference [40], 

Copyright (2012) Elsevier. 

  

 Co-crystallization of melamine (ma) with m-sulfophenylphosphonic acid (sppH3) from 

water in different molar ratios (2:1 and 4:1) offer [(maH)2(sppH)]3H2O and 

[(maH)3(spp)(ma)]12H2O, respectively.[41] Structure analysis reveals that two very intricate 

hydrogen-bonded networks are formed in them, with two or three protons of the m-

sulfophenylphosphonic acid being transferred to melamine, Figure 1-10. The resultant (sppH)2- or 

(sppH)3- anion can form as many as 12 or 14 hydrogen bonds with melamine and water molecules, 

showing a very high hydrogen-bonding capability. 

 

Figure 1-10. Asymmetric unit of [(maH)2(sppH)]3H2O (left) and one-dimensional ladder-like 

chain formed by hydrogen bond interactions between the (sppH)2- and (maH)+ ions in 

[(maH)2(sppH)]3H2O (right). Reprinted with permission from Reference[41], Copyright 

(2013). 
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 Hexamethylediamine-N,N,N′,N′-tetrakis(methylenephosphonic acid) (HDTMP) has been 

isolated as a crystalline solid with the ethylenediammonium (en) dication, as (en)(HDTMP)·2H2O. 

The crystal structure of the solid has been determined.[42] The molar ratio between the dication and 

dianion has been found 1:1. The disposition of the ionic pair is shown in Figure 11. The presence of 

waters of crystallization, HDTMP2- dianions and en2+ dications leads to a complicated network of 

hydrogen bonds, finally yielding a 2D layered structure (shown in Figure 12). They are described in 

detail below. The –NH3
+ portion of the en molecule is hydrogen-bonded with one of the two water 

molecules of crystallization (at a distance of 2.974 Å), and with three O-P moieties (all from 

different phosphonate groups) (at distances 2.708 Å, 2.804 Å and 2.984 Å). 

 

Figure 1-11. Structure of HDTMP2- with the en2+ dications (the water molecules are omitted 

for clarity). Reprinted with permission from Reference [42], Copyright (2009) Elsevier. 

 

Figure 1-12. Layers of HDTMP2- and en2+ dications (lower) down the b-axis. Hydrogen atoms 

are omitted for clarity. 

 The two waters of crystallization are located in the vicinity of the en2+ dication. One water 

molecule forms hydrogen bonds with one of the N-H+ moieties of the phosphonate ligand (2.963 

Å), with the +H3N group of the en2+ cation (2.974 Å), and with and the O atoms from a deprotonated 
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phosphonate ligand, -O-P (2.999 Å). The second water molecule participates in three hydrogen 

bonds, one with a –P-OH group (2.553 Å), and two hydrogen bonds with two deprotonated P-O- 

moieties (2.729 and 2.743 Å) from neighboring phosphonate ligands. There are several other 

hydrogen bonds in the structure that are described in detail in the original paper.  

 Ethylenediamine-N,N’-tetrakis(methylenephosphonic acid) (EDTMP) is structurally related 

to HDTMP, except that the N atoms are connected by two methylene groups. A crystalline solid 

was isolated which contains two ammonium cations per one EDTMP dianion.[42] In the structure 

of (NH4)2(EDTMP) there are discrete EDTMP2- dianions and NH4
+ cations, see Figure 1-13. 

 

Figure 1-13. Structure of EDTMP2- with the two NH4
+ cations.Reprinted with permission 

from Reference [42], Copyright (2009) Elsevier. 

 

 The presence of EDTMP2- dianions and NH4
+ cations leads to a complicated network of 

hydrogen bonds, finally yielding a 2D layered structure, see Figure 1-14.  

 

Figure 1-14. Layers of EDTMP2- and NH4
+ cations, shown as spheres, shown down the a-

axis.Reprinted with permission from Reference[42], Copyright (2009) Elsevier. 
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 Each of the ammonium cations participates in five hydrogen bonds, all with non-protonated 

P-O groups from different phosphonate ligands, with ON distances ranging from 2.799 to 2.949 

Å. The P(1)O3H
- phosphonate group participates in five hydrogen bonds. Protonated P-O(2)H 

participates in a hydrogen bond with the ammonium N(2) group of the NH4
+ cation (2.929 Å) and 

the non-protonated group O(4)-P(2) from a neighboring phosphonate (2.559 Å). The group P-O(1) 

forms only one H-bond with the protonated N(1)H+ group belonging to another EDTMP molecule 

(2.648 Å). Finally, P-O(3) forms two H-bonds with two symmetry-related N(2) groups from two 

different en molecules (2.799 Å and 2.895 Å). The P(2)O3H
- phosphonate group also participates in 

five hydrogen bonds. Protonated P-O(5)H participates in a hydrogen bond with the non-protonated 

P(2)-O(6) group from a neighboring phosphonate. At the same time non-protonated P(2)-O(6) 

hydrogen bonds with the protonated P(2)-O(5)-H moiety with the same phosphonate group. This 

creates a hydrogen-bonded dimer, the structure of which is shown in Figure 15. A similar 

phosphonate hydrogen-bonded dimmer has been observed in the structure of 2-Phosphonobutane-

1,2,4-Tricarboxylic Acid Monohydrate (PBTC·H2O).[43] 

 

 

 

Figure 1-15. Structure of the hydrogen-bonded dimer in the structure of (NH4)2(EDTMP). 

 

 Tetraphosphonates are biomimetic hosts for bisamidinium cations in drugs such as 

pentamidine and DAPI (4',6-diamidino-2-phenylindole). Similar to their insertion into DNA’s 

minor groove, these drugs are often sandwiched by two tetraphosphonate hosts in a 2:1 ratio, as 

shown in Figure 1-16.[44] 
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Figure 1-16. 1:1 complex between a tetraphosphonate and DAPI according to Monte Carlo 

simulations in water.Reprinted with permission from Reference [44], Copyright (2003) 

American Chemical Society. 

 

1.5 Phosphonates in coordination polymers 

 

 The field of coordination polymers has exploded in the last decades. Since a substantial 

number of original research papers, reviews, book chapters and books have been published on the 

subject, we will attempt a concise look into this topic, with a focus on metal phosphonate-based 

coordination polymers. A concise source on the topic is the only book available on the topicby 

Clearfield and Demadis.[45] 

 There is a battery of structurally characterized metal phosphonate materials of essentially all 

metal ions of the periodic table. We briefly note those of alkali metal 

ions,[46],[47],[48],[49],[50],[51],[52]alkaline-earth ions,[53],[54],[55],[56],[57],[58],[59], 

[60],[61],[62],[63],[64],[65]transition elements of the first period, [66],[67],[68],[69],[70],[71], 

[72],[73],[74],[75] the second period,[76],[77],[78],[79],[80],[81],[82],[83],[84],[85] third 

period,[86],[87],[88],[89],[90],[91],[92],[93],[94],[95]lanthanides [96],[97],[98],[99], [100],[101], 

[102],[103],[104],[105]and actinides.[106],[107],[108],[109],[110] 

 Among the plethora of anionic ligands used for the construction of inorganic-organic 

hybrids polycarboxylates are predominant. Polyphosphonates have also attracted significant 

interest. because they exhibit a number of similarities, but also differences to the carboxylates: (a) 

Phosphonate building blocks possess three O atoms linked to the phosphorus atom in the 

coordinating moiety, compared to two O atoms in the case of carboxylates. This increases the 

possibilities for access to novel structures. (b) The phosphonic acid moiety can be doubly 
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deprotonated in two well-defined successive steps, depending on solution pH.[2] Carboxylic acid 

ligands can only be deprotonated once, see Figure 1-17.  

 Again, this allows access to a variety of potential novel phosphonate-containing structures, 

by simply varying the pH. (c) The phosphonate group can be (potentially) doubly esterified, in 

contrast to the carboxylate group that can only be monoesterified.[46],[69],[111],[112] Introduction 

of at least one phosphonate ester in the building block is expected to enhance solubility (in the case 

of very insoluble materials), or by virtue of its hydrolysis,[68] to yield structural diversity in the end 

material. (d) Synthesis of metal phosphonate materials can be carried out via a number of different 

routes that do not necessarily give products with the same structure. There is hence a greater 

potential of structural diversity in the products derived. Several of these methods lend themselves to 

a combinatorial approach allowing high-throughput screening of candidate materials to be 

achieved.[113] In this context, a recent review was published on “non-carboxylate” MOFs.[114] 

 Because the focus of this chapter is not metal phosphonate frameworks, we will refer the 

reader to the relevant book mentioned above and its chapters, for further details and extensive 

literature.[45] 
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Figure 1-17. Structural and functional differences between carboxylic and phosphonic acids. 

 

1.6 Phosphonate-grafted polymers 

 

 A phosphonate moiety can be grafted on a polymeric chain or matrix, by use of established 

organic synthetic methodology. We will briefly examine these grafting methods, and also review 

the types of polymers that result. 
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 The Michaelis-Arbuzov reaction isa method for C-P bond formation, leading to a 

dialkoxyphosphonate. The reaction was discovered by Michaelis and investigated and developed by 

Arbuzov. It proceeds mainly between primary alkyl halides and trialkyl phosphite and is usually 

thermally initiated, see Figure 1-18.[115] 

 

Figure 1-18. Mechanism of the Michaelis-Arbuzov reaction.Reprinted with permission from 

Reference [45], Copyright (2012) Royal Society of Chemistry. 

 

 The Mannich-type condensation (occasionally called the Moedritzer-Irani reaction)[116] is a 

convenient approach for synthesis of N,N-disubstituted aminomethylphosphonic acids or N-

substituted iminobis(methylphosphonic acids). The reaction is conducted in highly acidic solutions. 

Zon et al. have proposed a mechanism for this reaction, Figure 1-19.[117] 

 

Figure 1-19. Mechanism of the Mannich-type (Moedritzer-Irani) reaction.Reprinted with 

permission from Reference [45], Copyright (2012) Royal Society of Chemistry. 
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 Zon et al. explained that the first step of the reaction is a nucleophilic attack of N,N-

dialkylamine nitrogen. Further rearrangement gives N-hydoxymethylamine which in strong acidic 

condition undergoes elimination of water molecule yielding an iminium salt. Phosphorous acid in 

acidic conditions behaves as a nucleophile and therefore attacks the electrophilic iminium salt. The 

charged adduct is stabilized by loss of a proton to give N,N-disubstituted aminomethylphosphonic 

acid. N-substituted iminobis(methylphosphonic acid) is formed when one starts from primary 

alkylamine. Below, we present an example of the formation of an aromatic tetraphosphonic acid 

ligand, Figure 1-20, which has been used before for the construction of metal phosphonate 

frameworks. 
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Figure 1-20. Synthesis of the xylene-diamine-tetrakis(methylenephosphonic acid) ligand. 

 

 Below, we will present several examples of phosphonate incorporation into polymeric 

matrices. Biomaterials such as inulin, chitin, chitosan and their derivatives have a significant and 

rapid development in recent years. They have become the focus of intense research because of an 

unusual combination of biological activities together with mechanical and physical properties. 

However, the applications of chitin and chitosan are limited due to insolubility issues in most 

solvents. The chemical modification of chitin and chitosan are of keen interest because these 

modifications would not change the fundamental skeleton of chitin and chitosan but would keep the 

original physicochemical and biochemical properties. They would also improve certain properties. 

The chemical modification of chitin and chitosan by phosphorylation is expected to be 

biocompatible and is able to promote tissue regeneration. Thus, we will start with these polymers. 

 A novel conjugate of a polysaccharide and a Gd(III) chelate with potential as contrast agent 

for magnetic resonance imaging (MRI) was synthesized.[118] The structure of the chelate was 

derived from H5DTPA by replacing the central pendant arm by a phosphinic acid functional group, 
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which was covalently bound to the polysaccharide inulin. On the average, each monosaccharide 

unit of the inulin was attached to approximately one chelate moiety. The ligand binds the Gd3+ ion 

in an octadentate fashion via three nitrogen atoms, four carboxylate oxygen atoms, and one P-O 

oxygen atom, and its first coordination sphere is completed by a water molecule. This compound 

shows promising properties for application as a contrast agent for MRI thanks to a favorable 

residence lifetime of this water molecule (170 ns at 298 K), a relatively long rotational correlation 

time (866 ps at 298 K), and the presence of two water molecules in the second coordination sphere 

of the Gd3+ ion. The synthesis of this interesting polymer is shown in Figure 1-21. 

 

 

 

Figure 1-21. Synthesis of an inulin-bound chelate.Reprinted with permission from Reference 

[118], Copyright (2004) American Chemical Society. 

 

 A water-soluble chitosan derivative carrying phosphonic groups was synthesized using a 

one-step reaction.[119],[120]Detailed NMR studies permitted the identification of the structure by 

the substituent distribution of the product, which is partly N-monophosphonomethylated (0.24) and 

N,N-diphosphonomethylated (0.14) and N-acetylated (0.16) without modification of the initial 

degree of acetylation, Figure 1-22.  
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Figure 1-22. Synthesis of phosphono-substituted (N-methylene phosphonic) chitosan. 

Reprinted with permission from Reference [119], Copyright (2001) Elsevier. 

 

 The introduction of an alkyl chain onto a water soluble, modified chitosan (N-methylene 

phosphonic chitosan) allows the presence of hydrophobic and hydrophilic branches for control of 

solubility properties.[121] A simple methodology for the preparation of a new chitosan derivative 

surfactant, N-lauryl-N-methylene phosphonic chitosan, was developed. The degree of lauryl 

substitution was estimated to be 0.33.  

 A simple methodology for the preparation of a new chitosan derivative called N-propyl-N-

methylene phosphonic cahitosan (PNMPC) was proposed. As before, the introduction of a propyl 

chain onto a modified chitosan (N-methylene phosphonic chitosan) offers the presence of 

hydrophobic and hydrophilic branches for controlling solubility properties of the new derivative. 

The degree of propyl substitution was 0.64. An SEM image of the solid polymer is shown in Figure 

1-23.[122] 

a  

Figure 1-23. SEM images of the N-propyl-N-methylene phosphonic chitosan (PNMPC). 

Reprinted with permission from Reference [122], Copyright (2010) Elsevier. 
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 Phosphorylation of chitosan but at the hydroxy and amino groups under the conditions of 

the Kabachnik-Fields reaction was reported (Figure 1-24)[123]. Conditions were found under which 

the reaction yields chitosan derivatives containing N-phosphonomethylated and chitosan phosphite 

fragments.  
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Figure 1-24. Kabachnik-Fields synthesis of chitosan derivatives containing N-phosphono 

methylated and chitosan phosphite fragments. 

 

 Recently, several derivatives of 2-(-arylamino phosphonate)-chitosan (2-AAPCS) were 

prepared by reactions of various Schiff bases of chitosan with di-alkyl phosphite in benzene 

solution (Figure 1-25).[124] 

 

 

Figure 1-25. Synthetic pathway of 2-(-arylamino phosphonate)-chitosan. Reprinted with 

permission from Reference [124], Copyright (2009) Elsevier. 
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 The structures of the derivatives (2-AAPCS) were characterized by FT-IR spectroscopy and 

elemental analysis. In addition, the antifungal activities of these derivatives against four kinds of 

fungi were evaluated. The results indicated that all 2-AAPCS congeners had a significant inhibition 

effect on the tested fungi at a concentration ranged from 50 to 500 g/L. Furthermore, the antifungal 

activities of the derivatives increased upon the molecular weight and concentration. 

 Jayakumara et al. have presented the recent developments in the preparation of 

phosphorylated chitin and chitosan with different methods.[125] These are presented in Figure 1-26. 

 

 

Figure 1-26. Preparation of phosphorylated chitin and chitosan with different methods. 

Reprinted with permission from Reference [125], Copyright (2008) Elsevier. 
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 Chitosan was also phosphorylated by P2O5 in methanesulfonic acid and the product, water-

soluble phosphorylated chitosan, was characterized by P elemental analysis, IR and 31P NMR 

spectroscopy (Figure 1-27).[126] The phosphorylated chitosans were used to improve the 

mechanical properties of calcium phosphate cement (CPC) systems of two types: (a) monocalcium 

phosphate monohydrate (MCPM) and calcium oxide (CaO) and (2) dicalcium phosphate dihydrate 

(DCPD) and calcium hydroxide [Ca(OH)2]. The results were successful (based on the compressive 

strength (CS) and Young's modulus of both CPC formulations). The results indicated that P-

chitosan-reinforced calcium phosphate cements have some good characteristics for clinical 

applications. 

 

 

Figure 1-27. Schematic structures of chitin, chitosan and derivatives (R1, R2, R3 = -COCH3, -

CH3, -CH2COOH, -SO3H, -P(O)(OH)2. Reprinted with permission from Reference [126], 

Copyright (2001) Elsevier. 

 

 A series of phosphonate-functionalized pH-responsive chitosans were directly synthesized 

via Michael addition of chitosan with mono-(2-acryloyloxyethyl) phosphonate (Figure 1-28).[127] 

The results indicated that the inter- or intra-chain electrostatic interactions of the phosphonate-

functionalized chitosans could be controlled via adjusting the solution pH, leading to the reversible 

conformational and phase transitions of these chitosans. 
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Figure 1-28. Synthesis of phosphonate-functionalized chitosan.Reprinted with permission 

from Reference [127], Copyright (2006) Elsevier. 

 

 New phosphorus-containing chitosan derivatives were prepared in good yield under mild 

conditions from 6-O-triphenylmethyl-chitosan and native chitosan. The three reactions used are 

thioacylation by a phosphonodithioester, alkylation by a halogeno-phosphonate, and Michael 

addition using a tetraethyl vinylidenebisphosphonate (Figure 1-29).[128] The modified chitosan 

derivatives were fully characterized and their solubilities and thermal properties were evaluated. 

 

 

Figure 1-29. Synthesis of phosphorus-containing chitosans. Reprinted with permission from 

Reference [128], Copyright (2009) Taylor & Francis. 
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 Poly[(1-vinyl-1,2,4-triazole)-co-(vinylphosphonic acid)] (poly(VTAz/VPA)) hydrogels were 

prepared by 60Co γ-irradiation of binary mixtures of 1-vinyl 1,2,4-triazole and vinylphosphonic acid 

in the presence of NaHCO3. The polymers form hydrogels under certain conditions (Figure 1-

30).[129] 

 

Figure 1-30. SEM image of poly(VTAz/VPA) hydrogels. Reprinted with permission from 

Reference [129], Copyright (2013) Taylor & Francis. 

  

 Preparation and characterization of some chelating resins, phosphonate grafted on 

polystyrene-divinylbenzene supports, were reported.[130] The resins were prepared by an Arbuzov-

type reaction between chloromethyl polystyrene-divinylbenzene copolymers and triethylphosphite, 

yielding the phosphonate ester copolymer (resin A), Figure 1-31. This can be hydrolyzed by HCl to 

yield the phosphonate/phosphonic acid copolymer (resin B), Figure 1-31. The phosphonate resins A 

and B were characterized by determination of the phosphorus content, infrared spectrometry and 

thermal analysis. The total sorption capacity of the phosphonate ester-functionalized resin (A) and 

phosphonate/ phosphonic acid-functionalized resin (B) for divalent metal ions such as Ca2+, Cu2+ 

and Ni2+ was studied in aqueous solutions. Resin A retains ~ 3.25 mg Ca2+/g copolymer ,  2.75 mg 

Cu2+/g copolymer, but retains no Ni2+ at pH = 1. On the other hand, Resin B retains 8.46 mg Ca2+/g 

copolymer , 7.17 mg Cu2+/g copolymer, and no Ni2+ at pH = 1. Efficient Ni2+ retention was observed 

at pH = 7 only for the phosphonate/phosphonic acid-functionalized resin (B) at the level of  19 mg 

Ni2+/g polymer B. Polymer A was incapable of retaining Ni2+ at pH = 7.  
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Figure 1-31. Phosphonate grafting on polystyrene-divinylbenzene supports (upper). SEM 

images of the produced resins (lower). The bars for both images are 200 μm. Reprinted with 

permission from Reference [130], Copyright (2008) American Chemical Society. 

 

 The Mannich-type reaction was used to graft methylenephosphonic acid groups to 

polyethyleneimine (PEI) to produce an ion exchange polymer, polyethylenimine 

methylenephosphonic acid (PEIMPA).[131] Removal of various heavy metal ions such as Cu2+, 

Co2+, Zn2+, Ni2+, and Pb2+ from aqueous solutions by induced flocculation of phosphonomethylated-

polyethyleneimine (PPEI)–heavy metal complex with Ca2+ ions was studied (Figure 1-32).[132] 

 

 

Figure 1-32. Removal of heavy metals by the PPEI–Ca2+ flocculant system. Squares = Cu, 

circles = Pb, triangles = zinc, rhombs = nickel, pentagons = cobalt. Reprinted with permission 

from Reference [132], Copyright (2002) Taylor & Francis. 
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Considerable floc formation accompanying metal sequestration was demonstrated, even at low 

initial concentration of the target metals. The PPEI–Ca2+ flocculant system was also effective for 

heavy metal scavenging purposes. 

1.7 Polymers as hosts for phosphonates and metal phosphonates 

 

 Phosphonates have been studied as enzyme inhibitors. Since this action requires 

incorporation of the phosphonate into an enzyme matrix, we will mention a few representative 

examples here. 

 Phosphonates were found to competitively inhibit phosphotriesterase from Pseudomonas by 

chelating both zinc atoms of a binuclear metal center in the enzyme’s active site.[133] The 

inhibitory properties of a series of substituted phosphonates were also measured for the bacterial 

phosphotriesterase. The incorporation of fluorine, hydroxyl, thiol, carbonyl, and carboxyl groups 

adjacent to the phosphoryl group was designed to assist in the direct coordination with one or both 

of the metal ions contained within the structure of the binuclear metal center. Of the compounds 

tested the diethyl thiomethylphosphonate was by far the most potent inhibitor identified. 

 Foscarnet (phosphonoformate trisodium salt), an antiviral used for the treatment of HIV and 

herpes virus infections, also acts as an activator or inhibitor of the metalloenzyme carbonic 

anhydrase (CA, EC 4.2.1.1). Interaction of the drug with 11 CA isozymes has been investigated 

kinetically, and the X-ray structure of its adduct with isoform I (hCA I-foscarnet complex) has been 

resolved (Figure 1-33).[134] The first CA inhibitor possessing a phosphonate zinc-binding group 

was thus evidenced, together with the factors governing recognition of such small molecules by a 

metalloenzyme active site (Figure 1-34). Foscarnet is also a clear-cut example of modulator of an 

enzyme activity which can act either as an activator or inhibitor of a CA isozyme.  

 

Figure 1-33. Scheme of the interactions between inhibitor (foscarnet, A) and the active site 

amino acid residues, B. Reprinted with permission from Reference [134], Copyright (2007) 

Elsevier. 
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Figure 1-34. Electron density map showing the zinc ion coordinated by three histidine ligands 

and a phosphonate oxygen. Reprinted with permission from Reference [134], Copyright 

(2007) Elsevier. 

 

 Oldfield et al. investigated the docking of a variety of inhibitors and substrates to the 

isoprene biosynthesis pathway enzymes farnesyl diphosphate synthase (FPPS), isopentenyl 

diphosphate/dimethylallyl diphosphate isomerase (IPPI) and deoxyxylulose-5-phosphate 

reductoisomerase (DXR) using the Lamarckian genetic alogorithm program, AutoDock.[135] The 

structures of three isoprenoid diphosphates docked to the FPPS enzyme reveal strong electrostatic 

interactions with Mg2+, lysine and arginine active site residues (Figure 1-35).  

 

 

Figure 1-35. Docked structures and Ligplot interactions between bisphosphonate inhibitors 

and an avian FPPS.A, Risedronate, 10 lowest energy conformations.Ligplot diagram showing 

the main interactions between risedronate and FPPS.Reprinted with permission from 

Reference [135], Copyright (2004) American Chemical Society. 



 

 

 

 

 

 

 

 

 

 

28 

 

 Similar results are obtained with the docking of four IPPI inhibitors to the IPPI enzyme. 

Bisphosphonate inhibitors are found to bind to the allylic binding sites in both eukaryotic and 

prokaryotic FPPSs, in good accord with recent crystallographic results (Figure 1-36). Overall, these 

results show for the first time that the geometries of a broad variety of phosphorus-containing 

inhibitors and substrates of isoprene biosynthesis pathway enzymes can be well predicted by using 

computational methods, which can be expected to facilitate the design of novel inhibitors of these 

enzymes. 

 

 

Figure 1-36. Docked structures of deoxyxylulose-5-phosphate (left) bound to NADPH-DXR 

(right). Reprinted with permission from Reference [135], Copyright (2004) American 

Chemical Society. 

 

 Another detailed inhibition study of five carbonic anhydrase (CA, EC 4.2.1.1) isozymes 

with inorganic phosphates, carbamoyl phosphate, the antiviral phosphonate foscarnet as well as 

formate was reported.[136] The membrane-associated isozyme hCA IV was the most sensitive to 

inhibition byphosphates/phosphonates. Foscarnet was the best inhibitor of this isozyme highly 

abundant in the kidneys, which may explain some of the renal side effects of the drug.  

 Thus far, phosphonate incorporation of “free” phosphonates (no metals) into organic 

matrices was presented. In the remaining part of this section we will present incorporation of metal 

phosphonates into selected organic and inorganic matrices. 

 Eddaoudi et al. reported the successful growth of highly-crystalline homogeneous MOF thin 

films of HKUST-1 and ZIF-8 on mesoporous silica foam, by employing a layer-by-layer (LBL) 

method.[137] The newly-constructed MOF hybrid materials on mesoporous silica foam, were 

characterized and evaluated using various techniques (PXRD, SEM and TEM) (Figure 1-37).  
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Figure 1-37. SEM images of the mesoporous silica foam, SEM (upper left) and TEM (upper 

right). SEM images of HKUST-1 grown on silica foam (middle left and right). SEM images of 

ZIF-8 grown on silica foam (lower left and right). Reprinted with permission from Reference 

[137], Copyright (2012) Royal Society of Chemistry. 

 

 This study confirms the unique potential of the LBL method for the controlled growth of 

desired MOF thin films on various substrates, which permits rational construction of hierarchical 

hybrid porous systems for given applications. The ability to control and direct the growth of MOF 

thin films on confined surfaces, using the stepwise LBL method, creates new opportunities for new 

prospective applications, such as hybrid systems construction of pure MOF-based membranes, as 

well as coating a variety of polymers for gas separation applications. 

 Hydrolysis and condensation reactions of diethylphosphato-ethyltriethoxysilane (SiP) and a 

mixture of SiP and tetraethoxysilane (TEOS) have been studied in ethanol and N-methylacetamide 

(NMA) as solvent. The reactions were investigated by high resolution 29Si NMR. The hydrolyzed 

and condensed species, from SiP and TEOS were identified and quantified as a function of reaction 
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time. The influence of the amide medium as well as the catalytic effect of the phosphonate function 

of SiP on TEOS hydrolysis were established.[138] 

 A zinc silico-phenylphosphonate was synthesized.[139] The substitution of phosphorus by 

silicon induced a deficit of the positive charges that were balanced by cations located in the 

interlayer space. The XRD powder diffraction pattern corresponds to a lamellar structure and 

exhibits a series of sharp peaks assigned to the series (00l) reflections with a d001 of 2 nm. SEM 

micrographs of this material show a morphology similar to the one observed for clay minerals and 

especially smectites ‘‘gypsum-like morphology’’ (Figure 1-38). TEM images exhibit a rods’ 

arrangement for the layered materials (Figure 1-38). Q4 sites were identified by 29Si solid state 

NMR indicating a full polymerization of silica. 

 

 

Figure 1-38. SEM (left) and TEM images (right) of the zinc silico-phenylphosphonate. 

Reprinted with permission from Reference [139], Copyright (2007) Elsevier. 

 

 Thermally stable proton-conducting composite sheets of 50–100 μm thick have been 

prepared from phosphosilicate gel (P/Si = 1 molar ratio) powders and polyimide 

precursor.[140],[141] Polyimide was selected as an organic polymer matrix because of its excellent 

thermal stability and good sheet-forming property. Proton conductivity, mechanical properties and 

chemical durability of the resultant composite sheets in the low and medium-temperature range 

have been examined. In addition, a single test fuel cell has been fabricated using the composite 

sheet as an electrolyte. 

1.8 Applications 

 

 The importance of phosphonic acids and derivatives in the field of supramolecular 

chemistry, crystal growth and materials chemistry has been well recognized.[142],[143][144],[145], 
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[146],[147],[148],[149] Besides basic chemistry, phosphonates play a significant role in several 

other technologically/industrially important areas, such as water treatment,[150]oilfield 

drilling,[151],[152],[153],[154],[155],[156],[157],[158]minerals processing, [159],[160] corrosion 

control,[161],[162],[163],[164],[165],[166] metal complexation and sequestration,[167],[168] 

dental materials,[169],[170],[171],[172] bone targeting,[173],[174],[175], [176] cancer 

treatment,[177],[178],[179] etc.  

 

1.8.1 Proton Conductivity. 

 

 Solid-state ion conductors are an important class of materials because of their use as 

electrolytes in batteries and fuel cells, gas sensors, etc. The mechanism of ion conduction in solids 

depends on structural considerations. Specific important factors are concentration, mobility, and 

charge of conductive ions. Control of the spatial distribution and dynamic behavior of target ions in 

solids are also significant. Ion conductivity is also dependent on temperature because ions need to 

overcome the activation energy between the hopping sites in various structures. Commonly, organic 

polymers exhibit ion conductivity below 200 C and inorganic materials (such as metal oxides, and 

metal halides) above 400 C. 

 In this section, we will deal with proton conductivity exhibited by phosphonate-containing 

materials (either organic or hybrid). A number of reviews have appeared on the 

subject.[180],[181],[182],[183] 

 A novel proton conducting polymer blend was prepared by mixing poly(vinylphosphonic 

acid) (PVPA) with poly(1-vinylimidazole) (PVI) at various stoichiometric ratios via changing molar 

ratio of monomer repeating unit to achieve the highest protonation. The network was used for 

immobilization of invertase, and then the enzyme activity was studied. The results reveal that the 

most stable and highly proton conducting polymer network may play a pioneer role in the 

biosensors applications as given by FT-IR, elemental analysis, impedance spectroscopy and storage 

stability experiments.[184] 

 Sulfophenylphosphonic acid was used for the synthesis of two zirconium salts, 

Zr(HO3SC6H4PO3)2·2H2O and Zr(HPO4)0.7(HO3SC6H4PO3)1.3·2H2O.[185] Powder patterns indicate 

that these layered compounds are structurally derived from alpha modification of zirconium 

phosphate monohydrate, in which the zirconium atoms are octahedrally coordinated by six oxygen 

atoms of the phosphate groups. In the case of phosphonates, the fourth oxygen atom of the 
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phosphate group is replaced by an organic residue which points into the interlayer space. In 

Zr(HPO4)0.7(HO3SC6H4PO3)1.3·2H2O the incorporation of the phosphate group causes structural 

disorder in the whole system, increases the amount of “labile” protons and changes their behavior. 

This is in agreement with the increased conductivity of this compound. The conductivity of both 

compounds increases from 0.028 to 0.063 Scm−1 in the relative humidity (RH) range 50–90 %. 

 Recently, two similar series of lanthanide carboxyphosphonates were synthesized and 

structurally characterized. [186] The ligand used was hydroxyphosphonoacetic acid (HPAA). The 

presence of 1D channels, filled with water molecules, in the crystal structures of both series (see 

Figure 1-39), suggests the possibility of proton conductivity behaviour.  

 

Figure 1-39. Lanthanide hybrids showing the 1D channels along the c-axis filled with lattice 

waters for: (a) La-HPAA-II and (b) La-HPAA-I. The lattice water molecules occupying the 

channels are as single dots. Reprinted with permission from Reference[186], Copyright (2012) 

American Chemical Society. 
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 Furthermore, there are certain structural features that make these good candidates as proton-

conductors at room temperature. These include the –POH groups pointing towards the interior of 

the channels, the network of hydrogen bonds within the channels and the proximity between the 

lattice water molecules. Therefore, conductivity studies have been carried out for one representative 

member of each series.  

 When GdHPA-II is exposed to the highest % RH value of 98 %, a spike is observed which 

has an associated capacitance of 1 F. Since the spike is inclined to the Z´ axis by  70°, it 

indicates a partial-blocking electrode response that allows limited diffusion; therefore, the 

conducting species must be ionic, i.e. H+ ions. The total pellet resistance, RT, was obtained from the 

intercept of the spike and/or the arc (low frequency end) on the Z´ axis. At 98 % RH and T = 21 °C, 

T was 3.2 × 10-4 Scm-1.  

 Shimizu et al. have reported a Zn material with the ligand 1,3,5- benzenetriphosphonic 

acid.[187] At 90% relative humidity and 85 °C, the proton conductivity reaches 2.1 × 10−2 Scm-1. 

This is the highest proton conductivity reported for a phosphonate-based MOF. 

 A new flexible ultramicroporous solid, La(H5DTMP)·7H2O, has been crystallized at room 

temperature using the tetraphosphonic acid H8DTMP, hexamethylenediamine-N,N,N’,N’-

tetrakis(methylenephosphonic acid).[188] Its crystal structure, solved by synchrotron powder X-ray 

diffraction, is characterised by a 3D pillared open-framework containing 1D channels filled with 

water (Figure 1-40).  

 

 

Figure 1-40. Upper: 3D framework for La(H5DTMP)·7H2O showing the 1D channels running 

along the c-axis and defined by 30-membered rings. The water molecules within the channels 

are depicted as exaggerated spheres. Lower: One-dimensional chain of hydrogen-bonded 

lattice water molecules within the channel along the c axis. H-bonding distances in the 5-water 

cluster are shown in the inset. 
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 Upon dehydration, a new related crystalline phase, La(H5DTMP) is formed. Partial 

rehydration of La(H5DTMP) led to La(H5DTMP)·2H2O. These new phases contain highly 

corrugated layers showing different degrees of conformational flexibility of the long organic chain. 

Impedance data indicates that proton-conductivity takes place in La(H5DTMP)·7H2O with a value 

of 810-3 Scm-1 at 286 K and 99 % of relative humidity RH. 

 A new multifunctional light hybrid, Mg(H6ODTMP).2H2O(DMF)0.5, was synthesized using 

the tetraphosphonic acid H8ODTMP, octamethylenediamine-N,N,N’,N’-tetrakis 

(methylenephosphonic acid), by high-throughput methodology. Its crystal structure, solved by 

synchrotron powder X-ray diffraction, is characterized by a 3D pillared open-framework containing 

cross-linked 1D channels filled with water and DMF (Figure 1-41).[189] Upon H2O and DMF 

removal and subsequent rehydration, Mg(H6ODTMP).6H2O is formed. These processes take place 

through crystalline-quasi amorphous-crystalline transformations, during which the integrity of the 

framework is maintained. Impedance data indicates that Mg(H6ODTMP).6H2O has high proton 

conductivity, = 1.6 10-3 Scm-1 at T = 292 K at ~100% relative humidity, with an activation energy 

of 0.31 eV. 

 

 

Figure 1-41. Crystal structure of Mg(H6ODTMP)·2H2O(DMF)0.5. The framework constructed 

as MgO6 and PO4 polyhedra and ball-and-stick for the organic ligand, with lattice water 

molecules shown as red spheres, creating 1D channels vertical to the page. molecules are not 

shown. Reprinted with permission from Reference 152, Copyright (2012) American Chemical 

Society. 
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 A new 3D metal−organic framework, [La(H5L)(H2O)4], L = 1,2,4,5-tetrakisphosphono 

methylbenzene), was reported which conducts protons above 10−3 Scm-1 at 60 °C and 98 % relative 

humidity.[190] The MOF contains free phosphonic acid groups, shows high humidity stability, and 

resists swelling in the presence of hydration. Channels filled with crystallographically located water 

and acidic groups are also observed. 

 Shimizu has published a comprehensive review on proton conductivity in metal 

phosphonate frameworks, which provides useful further reading.[191] 

1.8.2 Metal Ion Absorption. 

 

 A great deal of research has been performed with a variety of materials that absorb metal 

ions from aqueous solutions, with obvious environmental implications.[192] In this section we will 

present selected phosphonate-based systems that are capable for metal ion absorption. 

 A flexible open-framework sodium-lanthanum(III) tetrakis-phosphonate,  NaLa[(HO3P)2-

CH-C6H4-CH(PO3H)2]4H2O was published by Bein et al.[193]They studied the exceptional ion-

exchange selectivity between the Na+ ions of the material and alkaline earth, alkaline and selected 

transition metal ions. Exchange between the hosted Na+ ions and other monovalent ions with ionic 

radii ranging from 0.76 A (Li+) to 1.52 A (Rb+) was accomplished. The divalent ions with 

approximately the same size did not appear to be exchanged.  

 Also, the [Pb7(HEDTP)(H2O)]7H2O and [Zn(H4EDTP)]2H2O [H8EDTP = N,N,N’,N’-

ethylenediamine-tetrakis(methylenephosphonic acid)] showed very high adsorption (> 96 %) of 

Fe3+ ions in aqueous medium. Excellent ion adsorption performance was also found for other 

divalent ions such as Ca2+, Cr2+, Mn2+, Cu2+, Zn2+ and Cd2+.[194] 

 Polyethyleneimine Methylenephosphonic Acid (PEIMPA) was investigated in liquid – solid 

extraction of a mixture of Cd2+, Co2+, Cu2+, Fe3+, Ni2+, Pb2+, and Zn2+ cations from a mineral 

residue of zinc ore dissolved in nitric acid. The selectivity of this polymer was studied as a function 

of pH. PEIMPA can adsorb much higher amounts of Fe3+ ion than Cd2+, Co2+, Cu2+, Ni2+, Pb2+, and 

Zn2+ ions. The recovery of Fe3+ is almost quantitative.[195] 

 A polyelectrolyte complex of PEIMPA (polyanion) and PEI (polycation) was found useful 

for the removal of various heavy metal ions such as Cu2+, Co2+, Zn2+, Ni2+ and Pb2+ from aqueous 

solutions by the co-precipitation method. Heavy metal binding with PEIMPA was initially allowed 

to occur and then upon equilibration, PEI was added to initiate precipitation of the polyelectrolyte 

complex together with the heavy metal ion. The PEIMPA–PEI system was found effective for 
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heavy metal scavenging purposes even in the presence of high concentrations of non-transition 

metal ions like Na+. Heavy metal concentration may be reduced beyond emission standards for 

industrial wastewaters. The PPEI–PEI polyelectrolyte complex was found to be more effective than 

traditional precipitation methods for the treatment of a representative electroless Ni plating waste 

solution.[196]  

 PEIMPA was used as an effective sorbent for solid-phase extraction ofPb2+ ions from an 

aqueous solution.[197] Conditions for effective sorption are optimized with respect to different 

experimental parameters in a batch process. The results showed that the amount of extraction 

decreases with solution pH in the range between 3.5 and 5.8. The sorption capacity is 609 mgg-1. 

Also, PEIMPA was tested in the recovery of Pb2+ from a synthesized binary solution of Pb2+–Zn2+ 

and from real Zn2+-electrolyzed wastewaters. The presence of Cd2+, Co2+, Cu2+, Fe3+, Ni2+, and Zn2+ 

in large concentrations has a significantly negative effect on extraction properties (Figure 1-42).  

 

 

Figure 1-42. Recovery of indicated metal ions by PEIMPA, as a function of pH. Reprinted 

with permission from Reference [197], Copyright (2009) Taylor & Francis. 

 

 A very promising application specially for treatment of some technological solution and 

waste comes from some new Sn4+nitrilo-tris(methylenephosphonates). These materials have been 

synthesized by a gel method in granular form (spherical beads).[198] The ion exchange behavior 

between the ligands and alkali, alkaline earth and some transition metal ions was studied. It is worth 
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mentioning that even at very acidic conditions the ion exchangers operate efficiently because of the 

highly acidic adsorption sites. 

 Some phosphonic acids have the ability to graft onto polymeric matrices. Popa et al. 

synthesized a group of resin-type materials for the removal of metal ions from aqueous 

solutions.[130] An Arbusov-type reaction between chloromethyl polystyrene-divinylbenzene 

copolymers and triethylphosphite took place and led to phosphonate ester copolymer (resin A). In 

the presence of HCl resin A hydrolyzes to yield the phosphonic acid copolymer (resin B). Then, the 

total sorption capacity in aqueous solutions of the two resins was studied for divalent metal ions 

such as Ca2+, Cu2+ and Ni2+. Resin A retains ~3.25 mg Ca2+/g copolymer, 2.75 mg Cu2+/g 

copolymer, but retains no Ni2+ at pH=1. Resin B retains 8.46 mg Ca2+/g copolymer, 7.17 mg Cu2+/g 

copolymer and no Ni2+ at pH = 1. Efficient Ni2+ retention is observed at pH = 7 only for the resin B 

and at the level of 19 mg Ni2+/g polymer. The first polymer was incapable of retaining Ni2+ at pH = 

7. A number of proposed metal binding modes were proposed for these phosphonate polymers, 

Figure 1-43. 

P OH

O

O

M

M2+ = Cu, Ca, Ni

H2O

OH2

OH2

H2O OH2

P OH

O

O

M

H2O

OH2

OH2

H2O OH2

p
o

ly
m

e
r 

re
s

in

P OH

O

O

M

H2O

OH2

H2O OH2

PH OH

O

OH

p
o

ly
m

e
r 

re
s

in

P O

O

O M

H2O
OH2

OH2

OH2

P

O

p
o

ly
m

e
r 

re
s

in

O

O M

H2O
OH2

OH2

OH2

P O

O

OH
M

OH2

OH2

OH2

p
o

ly
m

e
r 

re
s

in

p
o

ly
m

e
r 

re
s

in

PHO

O

O

H2O

P O

O

OH
M

OH2

OH2

OH2

PHO

O

O

H2O

A B

C D

p
o

ly
m

e
r 

re
s

in

 

Figure 1-43. Various metal binding modes of the phosphonate resins. A: monodentate 

terminal binding, B: monodentate chelating binding, C: bidentate chelating binding, D: 

monodentate bridging binding. Reprinted with permission from Reference [130], Copyright 

(2008) (2008) American Chemical Society. 
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 A three-dimensionally ordered macroporous titanium phosphonate material was synthesized 

by an inverse opal method using 1-hydroxy ethylidene-1,1-diphosphonic acid (HEDP). This 

material was tested for the adsorption of Cu2+, Cd2+, and Pb2+, showing 10-20 % removal efficiency, 

depending on metal ion.[199] 

 The same researchers reported an improvement by synthesizing organic–inorganic hybrid 

materials of porous titania–phosphonate using tetra- or penta-phosphonates, ethylenediamine-

tetrakis(methylenephosphonic acid) (EDTMP) and diethylenetriamine-

pentakis(methylenephosphonic acid) (DTPMP).[200] These were anchored to the titania network 

homogeneously. The synthesized titania–phosphonate hybrids possess irregular mesoporosity 

formed by the assembly of nanoparticles in a crystalline anatase phase. The Titania-DTPMP sample 

achieved the highest adsorption capacity for each metal ion (Cu2+, Cd2+, and Pb2+), probably due to 

the phosphonate binding sites than in Titania-EDTMP: for Cd(II) up to 88.75 and 89.17%, 

respectively. 

 

1.8.3 Controlled release of phosphonate pharmaceuticals. 

 

 Prodrugs of phosphonoformic acid (PFA), an anti-viral agent used clinically as the trisodium 

salt (foscarnet), are of interest due to the low bioavailability of the parent drug, which severely 

limits its utility. Neutral PFA triesters are known to be susceptible to P–C bond cleavage under 

hydrolytic de-esterification conditions, and it was previously found that P,C-dimethyl PFA P–N 

conjugates with amino acid ethyl esters did not release PFA at pH 7, and could not be fully 

deprotected under either acid or basic conditions, which led, respectively, to premature cleavage of 

the P–N linkage (with incomplete deprotection of the PFA ester moiety), or to P–C cleavage.[201] 

Fully deprotected PFA-amino acid P–N conjugates (compounds 4a-c in Figure 44) can be prepared 

via coupling of C-methyl PFA dianion 2 (in Figure 44) with C-ethyl-protected amino acids using 

aqueous EDC, which gives a stable monoanionic intermediate 3 (in Figure 1-44) that resists P–C 

cleavage during subsequent alkaline deprotection of the two carboxylate ester groups. At 37 C, the 

resulting new PFA-amino acid (Val, Leu, Phe) conjugates (4a–c) undergo P–N cleavage near 

neutral pH, cleanly releasing PFA. A kinetic investigation of 4a hydrolysis at pH values 6.7, 7.2, 

and 8.5 showed that PFA release was first-order in [4a] with respective t1/2 values of 1.4, 3.8, and 

10.6 h.  
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Figure 1-44. Hydrolytic processes of the conjugates at various pH values. Reprinted with 

permission from Reference [201], Copyright (2004) Elsevier. 

 

 Foscarnet inhibits two RNA polymerases but with different patterns of inhibition. Influenza 

virus RNA polymerase is inhibited in a non-competitive manner with respect to nucleoside 

triphosphates, apart from GTP which gives a mixed pattern of inhibition. It was also found that 

initiation of influenza virus mRNA synthesis by the polymerase, when primed by exogenous 

mRNA, could occur in the presence of foscarnet but that the elongation was inhibited.[202] This 

block of mRNA formation by foscarnet occurred during or after the synthesis of the 12 nucleotide-

long conserved sequence, ending at a GMP, found at the 5'-end of the viral message (Figure 1-45).  

 

Figure 1-45. Hypothetical model for inhibition of DNA polymerase (E) by foscarnet. Two 

different reaction products can be envisioned for the degradative reaction (none was isolated). 

Reprinted with permission from Reference [202], Copyright (1989) Elsevier. 
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 Pamidronate, one of the therapeutic bisphosphonates for osteopenic diseases, directly 

inhibits bone healing in the traumatic defect model of the rabbit calvaria. The inhibition effect of 

pamidronate on bone healing was supported by radiographic and histological analyses. 

Radiographic analysis showed that pamidronate combined with PLGA (poly L-lactide-co-glycolide) 

had less bone formation than that of the defect only or PLGA only group. Histological analysis 

further confirmed that pamidronate inhibited bone healing.[203] 

 The intercalation of 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP), which is also a 

drug for osteoporosis (known as etidronic acid), in layered double hydroxide (LDH) was examined 

with the goal of developing a novel drug delivery system of HEDP (Figure 46). To prevent side 

reactions, the intercalation reaction was carried out at pH 4–6. The uptake of HEDP was determined 

as 3.5 mmolg-1 of LDH, and the interlayer distance increased from 7.8 to 13.0 Å. The HEDP-

release profiles into K2CO3 aqueous solution and into various buffer solutions were also 

examined.[204] 

 

Figure 1-46. Uptake of HEDP by three different LDH materials (full circles LDH(Cl), empty 

circles LDH(CO3), squares LDH calcined at 500 °C). Reprinted with permission from 

Reference [204], Copyright (2003) Wiley. 

 

 Calcification is the principal cause of the clinical failure of bioprosthetic heart valves 

(BHV), fabricated from glutaraldehyde-treated porcine valves of bovine pericardium. A study 

examined the dose-response of local controlled-release disodium HEDP therapy for BHV 

calcification and its mechanism of action.[205] Controlled release of HEDP from ethylene-vinyl 

acetate matrices was regulated by co-incorporation of the insert filler inulin, and subdermal 

calcification of BHV cusps was studied with the co-implantation of these matrices in rats (Figure 1-
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47). Subdermal BHV tissue calcification was inhibited in vivo for 7, 60, and 84 days, without any 

adverse effects. At 84 days matrices (0.2, 2 and 20% w/w HEDP) co-implanted with BHV resulted 

in explant calcification levels of 210.4, 39.1, and 11.7 pg/mg in comparison to control values of 

213.2 pg/mg (a level equivalent to that of clinically failed BHV). The diffusion coefficient of HEDP 

through BHV was 0.8 x 10-10 cm2/s reflecting low tissue permeability and high affinity. It was 

concluded that both in vitro and in vivo release of HEDP from the 20 % w/w HEDP matrices was 

suitable to inhibit BHV calcification and that this effect is most likely due to interaction of HEDP 

with the BHV tissue surface. 

 

 

Figure 1-47. HEDP and inulin release profiles. HEDP:inulin ratio 0:100, 1:99, 10:90, 100:0. 

Reprinted with permission from Reference [205], Copyright (1986) Elsevier. 

 

 The controlled release of etidronic acid (HEDP), immobilized onto cationic polymeric 

matrices, such as polyethyleneimine (PEI) or cationic inulin (CATIN) was studied.[206] Several 

CATIN- and PEI-etidronate composites were synthesized at various pH regions and characterized. 

Tablets with starch as the excipient containing the active ingredient (polymer-etidronate composite) 

were prepared (Figure 1-48 left) and the controlled release of etidronate was studied at aqueous 

solutions of pH 3 (to mimick the pH of the stomach) for 8 hours. All studied composites showed a 

delayed etidronate release in the first 4 hours (Figure 1-48 right), compared to the “control” (a tablet 

containing only starch and etidronic acid, without the polymer).    
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Figure 1-48. Left: Typical tablet containing polymer-etidronate active ingredient (upper left). 

SEM image of the tablet surface (lower). Surface particles of the PEI-etidronate composite are 

highlighted. EDS spectrum of the tablet showing the presence of P (from etidronic acid) and 

C, O, N from the polymer.Right:Controlled release curves for the PEI-etidronate and 

CATIN-etidronate composites. For clarity purposes the average release of free etidronic acid 

from a starch-only tablet (control) is presented as a continuous line. Filled symbols represent 

the release of etidronic acid from CATIN matrices and hollow symbols show the release from 

PEI matrices. Specifically:  PEI (from pH 3),  PEI (from pH 4),  PEI (from pH 5),  

CATIN-3 (from pH 9),  CATIN-2 (from pH 7), • CATIN-3 (from pH 7),  CATIN-1 (from 

pH 9). Reprinted with permission from Reference [206], Copyright (2011) Americal Chemical 

Society. 

 

1.8.4 Corrosion protection by metal phosphonate coatings. 

 

 Many phosphonic acids are used as corrosion inhibitors in the interdisciplinary field of 

corrosion science. The phosphonate based corrosion inhibitors are effective in decreasing metallic 

corrosion,[207] especially near neutral conditions by the formation of poorly soluble metal 

phosphonate compounds with the existing metal ions of these aqueous solutions. The necessity to 

develop inhibitors that are free from carcinogenic, chromates,[208]nitrates, nitrites, etc, fueled the 

interest in the area of phosphonic acids. Commonly the procedure is as follows. The phosphonate is 

introduced into the system in the acid form or as an alkali metal soluble salt. It then rapidly forms 

stable complexes with metal cations, such as Ca, Mg, Sr, or Ba that pre-exist in the process stream. 

Certain times, cations such as Zn2+ are purposely added to the system. A few representative 

examples follow. 
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 For the protection of carbon steel a combination of Zn2+ and HDTMP in a 1:1 molar ratio 

offers excellent corrosion protection.[67] The corrosion rate for the control (absence of any 

additives) is 7.28 mm/year, whereas the corrosion rate for the Zn-HDTMP protected sample is 2.11 

mm/year. That is a ~170% reduction in corrosion rate. The FT-IR, XRF and EDS studies show that 

the “anticorrosion” film is a material composed of Zn2+ (externally added) and P (from HDTMP) in 

an approximate 1:4 ratio, as expected.  

 Other metal phosphonate systems have also been reported. They include Sr/Ba-

HPAA,[58],[59] Ca-HPAA,[64] Sr/Ba-HDTMP,[60] Ca-EDTMP,[62] Ca-PBTC.[56] Demadis et 

al. have published a series of reviews on the subject, which offer additional information and further 

literature.[209],[210],[211],[212],[213] 

1.8.5 Gas storage. 

 

 The last decades have witnessed the explosion in the area of Metal Organic Frameworks 

(MOFs). Many microporous 3D framework structures, thermally stable up to 700 K, have been 

discovered. Among the most readily recognizable are certain carboxylate-based frameworks such as 

MOF-5,[214] MIL-100[215] and HKUST-1.[216] These materials show remarkable adsorption 

properties, very high surface areas, flexibility in their framework and unstaturated metal adsorption 

sites. There are also porous MOFs based on amines, such as zeolitic imidazoles,[217] amino 

acids,[218]and amino-carboxylates.[219] 

 Among the first organic-inorganic adsorbents investigated were also metal-phosphonate 

materials which offer an alternative set of chemical and structural possibilities, but until recently 

none of them was found to possess pores larger than 6 Å (in comparison to carboxylate-based 

materials that have pores up to ~ 20 Å). The competitive property of phosphonates is that the O3P-C 

bond is stable at elevated temperatures. Examples include the syntheses of divalent metal 

piperazine-bis(methylenephosphonate)s of Co(II), Mn(II), Fe(II) and Ni(II), that showed remarkable 

pore volumes.[220] Other reactions with this ligand and Fe(II), Co(II), Ni(II) acetates at pH values 

below 6.5 led to porous solids. The structure can be described as inorganic columns of helical 

chains of edge-sharing NiO5N octahedra which cause an hexagonal array of channels with a free 

diameter taking into account van der Waals radii of hydrogen atoms, of ~ 10 Å.  

 The nickel version of the above-mentioned materials is the first fully crystalline 

phosphonate MOF with pores approaching 1 nm and pore volume values observed for large pore 

zeolites.[221] This structure contains channels filled with physisorbed and chemisorbed water 
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molecules. The framework has a honeycomb arrangement that comes from helical chains of edge 

sharing NiO5N octahedra and the ligand. Through the phosphonate oxygen atoms and the N atoms 

of piperazine the ligand coordinated with the nickel atoms, a feature that imparts thermal stability 

up to 650 K. Because of the reversible dehydration and rehydration and the changes in the local 

structure that temperature results, experiments showed that H2 and CO are excellent probes of 

adsorption site at low temperatures, while CO2, CH3OH, CD3CN and CH4 are useful probes at room 

temperatures in terms of the fully dehydrates sample. In order to evaluate the adsorption properties 

of the materials for potential storage and separation all the measurements were carried out at 303 K. 

 Another use of phosphonic acids in the field of gas adsorption is featured in the materials 

UAM-150, UAM-151 and UAM-152.[222]Reaction of the rigid 4,4’-biphenyldiphosphonic acid 

(BPDP), phosphorus acid and aluminum salts, leads to amorphous products. The H2 intake 

displayed by material UAM-152 is close to the highest reported for organoinorganic materials at 77 

K and atmospheric pressure. From the study we extract the conclusion that H2 adsorption increases 

as the amount of phosphorous acid incorporated increases. 

 

1.8.6 Intercalation. 

 

 The field of intercalation chemistry is thriving, as more inorganic layered materials are 

discovered as potential “hosts” to “guest” molecules. The most important characteristics for the 

developing host materials are high thermal stability, resistance to chemical oxidation, selectivity to 

ions and molecules and the ability to expand their interlamellar space in the presence of guest 

molecules.[222],[223] 

 The role of metal phosphonates in the field of intercalation is being thoroughly 

studied.[224],[225]The majority of lamelar metal mono-phosphonates have the general formula 

M(O3PR)xnH2O, where M is the metal ion, R is the aliphatic or aromatic group. Molecules such as 

n-alkylmonoamines,[226],[227],[228],[229]n-alkyldiamines,[230]aromatic amines (pyridines)[231] 

dendritic polyamines[232]have been intercalated into lamellar metal phosphonates. The interaction 

of Zirconium phenylphosphonate, Zr(O3PC6H5)2, with n-alkylmonoamines R-(CH2)n-NH2 (n = 0-6) 

was studied by Ruiz and Airoldi.[233] Studies on the ability of pyridine (py) and a-, b- and c-

picolines to intercalate into crystalline hydrated barium phenylphosphonate, 

Ba[(HO)O2PC6H5]22H2O were reported by Lazarin and Airoldi.[234] 
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 When Zn(O3PC6H5)H2O is in contact with liquid amine, a replacement of the water 

molecule by amine molecule takes place. The product, Zn(O3PC6H5)(RNH2) is thermally stable 

with the amine occupying the same coordination site as the water molecule in the monohydrate 

hybrid material.[235] 

In the case of dehydration of Cu(O3PC6H5)H2O and Zn(O3PCH3)H2O adsorption of amine can take 

place. The Cu center in the product is in an unusual 5-coordinated environment, with a water 

molecule occupying the equatorial position of a distorted square pyramid.[236] 

 Studies of Lima and Airoldi focused on intercalation of crystalline calcium 

phenylphosphonate[237] and calcium methylphosphonate[238] with n-alkylmonoamines. The 

hydrated compound Ca(HO3PC6H5)22H2O has two coordinated water molecules to the inorganic 

backbone, which in the presence of basic polar molecules are gradually replaced.[239]An increase 

in interlamellar distance takes place to accommodate the guest molecules in the interlayer 

space.[240] 

 Poojary and Clearfield used powder x-ray data to study the intercalated products formed by 

propyl-, butyl-, and pentylamine and zinc phenylphosphonates (hydrous and anhydrous 

structures).[241] In all three intercalates the zinc center is found in a slightly distorted tetrahedron. 

The three coordination sites are occupied by three different oxygen atoms from three different 

phosphonate groups. The fourth site is occupied by the nitrogen atom of the amine molecule. 

 

 

The contents of the present Chapter have been published in: 

 

“Phosphonates in Matrices”. Papathanasiou, K.E.; Demadis, K.D. in Tailored Organic-Inorganic 

Materials, Brunet, E.; Clearfield, A.; Colon, J.L.  Editors, John Wiley & Sons Inc.: 2015, Chapter 3, 

pp. 83-135, ISBN: 978-1-118-77346-8. 
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2 SILICA-BASED POLYMERIC GELS 

AS PLATFORMS FOR DELIVERY 

OF PHOSPHONATE 

PHARMACEUTICS 

2.1 Matrices in controlled delivery gel systems: the case of silica 

 

 Polymeric matrices are a prominent option for the construction of drug delivery carriers, due 

to their easy chemical or physical modification and wide variety of potential applications.[242] 

There are many different drug carrier matrix types depending on specific factors and the desired 

outcome, such as the drug type and the route of delivery. These are considered “open systems”, 

therefore polymer gel carriers play a dominant role in the pharmaceutical field because they are able 

to transport molecules that could act as drugs, through cross linked networks. Hence, spontaneous, 

controlled release can be accomplished.  

 Gel formation can possess various degrees of difficulty depending on the choice of polymer, 

but research in the field is quite extensive. Some examples of gel types are hydrogels, stimuli-

responsive, (bio)degradable,[243]just to mention a few. For example, hydrogels are typically 

formed from a network of polymer chains, constructing a colloidal gel that can contain, up to 99 % 

water.[244] 
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 Silica gels have drawn substantial interest of the scientific community over the past few 

years due to their low toxicity, stability, low manufacturing cost and multiple usages. They appear 

in a variety of applications, such as promising polar adsorbents of e.g. amino acids,[245] and as 

drug carriers. Pure silica gels can be used as the stationary phase in chromatography (thin layer 

chromatography, reverse phase chromatography etc.) and functionalized silicon dioxide gels are 

often used in organic synthesis and purification of various reagents and products.[246] 

 Silicic acid [Si(OH)4] polymerization has been the subject of intense research.[247] It can 

result in gel formation under adjustable pH values and appropriate supersaturated solutions. It is 

worth-while to take a closer look at some significant details of silicon chemistry. In diluted aqueous 

solutions, soluble silica is found as ortho / mono silicic acid Si(OH)4. This is a monomer that exists 

in two forms in an about-neutral pH environment, the protonated species (major, Si(OH)4) and the 

singly deprotonated species (minor, Si(OH)3O
-). As pH increases, the concentration of the 

deprotonated form (Si(OH)3O
-) increases. Increasing the silicate concentration and adjusting the pH 

value to ~ 7 leads to condensation of two monomers, with simultaneous loss of one water molecule. 

The procedure follows a SN2 – type mechanism, in which a deprotonated silicic acid molecule 

attacks a fully protonated one (see Figure 2-1).[248] 

 

 

Figure 2-1. SN2 – like mechanism of silicic acid polycondensation. 

 

 The aforementioned step is the most crucial one as far as the kinetics of the 

polycondensation is concerned and is the rate-determining step in the complex silica 

polycondensation process.[249] The next steps involve the formation of trimers, tetramers and then 

higher oligomeric species until 1–2 nm amorphous silica nanoparticles are formed.[250] 

 It is worth-mentioning that the pKa of the polysilicic acids at these stages of the 

polymerization is about 6.5 and thus, above pH 7–8, negatively charged silicates become 

predominant.[251] In such conditions, silicic acid on the surface of colloidal species exists in 

equilibrium with dissolved silicic acid molecules and, hence, due to the Ostwald ripening process, 
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further particle growth occurs, leading to stable sols. In contrast, at pH regions below 7, particles 

can be only slightly charged, so no electrostatic repulsion prevents them from aggregation, leading 

to gel formation.[252] 

 A variety of methods have been published from different research groups regarding the 

fabrication of silica gels, which slightly differ from one another.[253],[254]The easiest and most 

widely-used method for gel preparation is a process that involves preparation of an aqueous solution 

of hydrated sodium silicate (Na2SiO3·xH2O), which is then acidified to form a gelatinous 

precipitate. After mild washing, the product can be dehydrated and the percentage of dehydration 

depends on the exact end-use that it is intended for. 

 After gel formation, the remaining hydroxyl groups on the gel surface can either be 

immediately used as binding sites for other candidate molecules, or become guests of an array of 

chemical or physical modifications, due to their modifiable oxygen atoms. Thus, silica gels are ideal 

candidates for a huge array of applications.  

 Extensive research has been reported on controlled release systems involving silica-based 

drug carriers. The importance of the controlled release principle in a drug delivery system, liesin the 

need to deliver the desired drug in the right i) time,  ii) area/location and iii) concentration.More 

specifically, a drug delivery system of controlled release properties should be able to maintain the 

optimum drug concentration in the blood, with minimum fluctuation, to achieve predictable and 

reproducible release rates for an extended time period and, last but not least, to eliminate side 

effects. Thus, the synthesis of the gels for a specific drug should be tailored considering the desired 

release kinetics, the loading level and, as expected, the physical properties of drugs.[255] 

2.2 Controlled release systems 

 

 In the past of few decades several studies have been carried out on controlled delivery 

systems.[256],[257],[258],[259] Controlled release systems are designed to support and enhance the 

treatment under study. The goal of these systems is to control the drug release through the passage 

of time, assist the drug to overtake natural potential barriers, hinder and prevent possible 

elimination/excretion of the drug from the body, guide the drug to the desired site of action and 

minimize the potential exposure of the drug to undesirable degradation effects.[260] 

 The desired system should be able to maintain the optimum concentration of the drug in the 

blood, release the drug in a controlled and planned fashion, and have the ability to enhance the 

duration of action of the drug, particularly when it is short-lived. Also, a delivery system must be 
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designed so as not to cause side effects to the patient, to avoid frequent doses, which lead to drug 

wastage. The target of a delivery system should be to provide an optimized treatment. 

 There are two common methods of controlled release, the temporal control and the 

distribution control. In temporal control, the drug is protected by a device which has the ability for 

long-range transport at specific times during the treatment. This method is applicable to drugs 

which tend to be metabolized rapidly and eliminate from the body (see Figure 2-2).  

 

Figure 2-2. Examples of mechanisms of temporal controlled release. Reproduced with 

permission from Reference[261]. 

 

 Temporal control may be accomplished by three mechanisms: delayed dissolution, diffusion 

controlled and drug solution flow control. In delayed dissolution polymeric devices protect drug 

release by delaying the dissolution of the drug molecules, thus inhibiting diffusion or controlling the 

flow. In diffusion controlled release an insoluble polymeric matrix delays and controls the diffusion 

of the drug molecules. The drug should in this case travel through a tortuous path to come out of the 

matrix. Drug solution flow control is used in osmotic potential across the semipermeable barrier of 

the transfer devices in order to create pressure chambers which contain aqueous solutions of the 

drug. This pressure is equalized by the transfer of the solvent of the drug out of the matrix.[262] In 

the case of distribution control, the delivery system is implanted directly to the area where the drug 
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needs to act.[263] The implants which are suitable for this controlled released system are those 

which have no harmful side effects for the patient and the drug is unable to leave from the 

implant.[262] Implantable drug delivery systems (IDDS) are classified into three major categories: 

biodegradable or non-biodegradable implants, implantable pump systems, and, the newest, atypical 

class of implants.[255] 

 In biodegradable or non-biodegradable implants, the drug release depends on the solubility 

and diffusion of the drug in the delivery device. In implantable pump systems controlled drug 

release is achieved by the micro-technology of electronic systems and the flow is controlled through 

the constant pressure difference. The atypical class of controlled released systems achieves targeted 

delivery of drug, minimization of wasting drug and side effects. In this case the efficacy of the drug 

and the treatment.[255] 

2.3 Bisphosphonates (BPs) in controlled release systems 

 

 In the last ten years the scientific literature has seen about 10,000 scientific works on the 

topic of BPs. These compounds were first shown to inhibit calcification and hydroxyapatite 

dissolution in vitro and bone resorption in vivo.[264] The pharmacological effect of BPs is related 

to their ability to bind to the bone mineral (hydroxyapatite). Equally important is their biochemical 

effect on the cells, predominantly osteoclasts (for a comprehensive review on bisphosphonate 

pharmacology see Reference [265]). Representative members of the BP family are shown in Figure 

2-3. 

 

Figure 2-3. Schematic structures of bisphosphonates. 

 

 

 
Bisphosphonate 
 

R1 
 

R2 

 

Etidronate  

 
 

Clodronate  
 

 
Tiludronate  

 
 

Alendronate  
 

 
Pamidronate  

 
 

Ibandronate  

 
 

Risedronate  

 
 

Zoledronate  

 
 

 

 

 

 

                                                         

Pyrophosphoric acid                                  Bis-Phosphonic acid 

 

R1 influences potency R2 assists binding to 

hydroxyapatite 



 

 

 

 

 

 

 

 

 

 

51 

 

 Etidronate and chlodronate (first generation of “-dronates”) do not contain nitrogen atoms in 

their structure. These compounds act as analogs of pyrophosphates and metabolized to a cytotoxic 

analog of ATP, adenosine-5′-(β,γ-dichloromethylene)-triphosphate. That analog inhibits the 

mitochondrial adenine nucleotide translocase (ANT) and eventually triggers apoptosis.[266],[267] 

 When a BP contains a nitrogen atom in its alkyl side chain, for example Aledronic Acid or 

Pamidronic Acid (see Figure 2-3), it becomes 10–100 times more potent than the non-nitrogen 

analogs (first-generation BPs). Studies with amino-bisphosphonates have shown that they are taken 

up by mature osteoclasts and inhibit an enzyme of the mevalonate pathway called farnesyl 

pyrophosphatase synthase.[268],[269],[270],[271],[272]Inhibition of inactive osteoclasts is a result 

of the domino impact from the involvement of BPs in biochemical pathways.[273] 

 Still nowadays, the final and fatal stage of cancer, metastasis, is an uncharted and incurable 

activity. Scientists reported that in some types of human cancers, such as breast cancer, thyroid 

cancer, renal carcinoma, prostate cancer and multiple myelomas, more than 50 % will get 

metastasized probably at a bone site in the advanced stages.[274]As emphasized before, BPs are 

compounds/drugs that are able to reduce bone erosion and restore bone density in osteoporosis and 

other bone related diseases. There are many clinical trials which proved that bone homeostasis is 

restored by the use of BPs.[275] The use of BPs induces the apoptosis of osteoclasts and, as a result, 

the actions of osteoclasts that are responsible for the bone erosion are inhibited.[276] There is fast 

distribution and high accumulation in the bone (100 times) in comparison to Cmax even after 6 

months post use.[277] This is due to the BPs strong affinity towards bone mineral (hydroxyapatite). 

An additional reason for the widespread use of BPs as bone imaging agents (besides high selectivity 

and affinity) is their synergy with radiopharmaceuticals. Some studied synergy examples are: 

estradiol,[278] prostaglandin E2,[279] Src (protein tyrosine kinase pp60c-Src) homology 2 

inhibitors,[280] diclofenac,[281] fluroquinolone, cis-platin, melphalan, methotrexate,[282] 

radiopharmaceuticals like technetium (99mTc) hydroxyethylidene disphosphonate,99mTc methylene 

disphosphonate,99mTc hydroxymethylene disphosphonate,[283]  and samarium (153Sm) lexidronam 

(QuadrametR).[284] 

 The phosphonate moiety (-PO3H2) exhibits excellent binding properties to hydroxyapatite 

and metallic surfaces. BPs have been evaluated as formulating agents, especially for the steric 

stabilization of nanoparticles.[285] Gittens et al. proposed peptides and proteins for conjugation 

with BPs to induce bone selectivity.[286]Hengst et al.[261]have suggested the use of CHOL-TOE-

BP as a targeting moiety for liposomal drug delivery to the bone. Also, BP conjugates were used as 

delivery anchors for treatment of osteoporosis.[279] The use of alendronate-β-cyclodextrin as a 

bone anabolic agent was demonstrated by Liu et al.[287] 
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 Studies on the applications of BPs in cardiac valve problems are discussed below in more 

detail. Tissue-derived valvular prostheses which consist of either human allograft or xenograft are 

commonly utilized in valve replacement surgery. Xenograft valve prostheses are most commonly 

built-up from bovine pericardium or porcine aortic valves that crosslink glutaraldehyde. These 

replacement valves present problems due to calcification, with cuspal mineral deposition, leading to 

valvular regurgitation or stenosis. This is the most important reason for the clinical failure of these 

devices. Furthermore, aortic wall calcification has been observed, leading to gradual rigidity in 

long-term implants. Fresh aortic explants appeared less calcified than the glutaraldehyde-cross-

linked aortic wall grafts. In order to prevent the above model systems from mineral deposition, 

calcification inhibitors were used as pre-treatments or local controlled release polymer co-

implants.[288],[289],[290] 

 A great deal of studies on controlled release of BPs has been performed. The principal 

reason is that the administration of BP compounds can limit the formation and growth of 

hydroxyapatite crystals. When these drugs are administered in efficient systemic dosages, severe 

adverse effects on skeletal mineral and overall calcium metabolism result, so the dosage level is a 

significant factor. Local therapy was achieved with controlled-release matrices that enclose the 

anticalcification factor, 1-hydroxyethylene diphosphonate (HEDP, or etidronate, ETID) dissipated 

in a copolymer of ethylene-vinyl acetate (EVA). These matrices were hemispherical (diameter 1 

cm) and this geometric structure presented practically stable release rates in a plethora of test 

formulations. In cusps removed from animals with hemisphere implants containing ethylene-vinyl 

acetate-HEDP, exhibited minimal calcification. 

 Local controlled release of ETID from ethylene-vinyl acetate copolymer matrices directly 

into bioprosthetic cuspal implants inhibited calcification of the subcutaneous implants for up to 84 

days without detectable problematic effects associated with the BP therapy. This long-term (84 

days) controlled-release system delivered etidronate at a nearly total body dosage of 6 μg/kg and 

this very low dosage requirement for local therapy was undoubtedly the reason for effective 

anticalcification therapy, which importantly was not associated with any adverse effects. In 

contrast, the control implants showed progressive extensive calcification.[288][289][290] 

 In some studies silicone matrices including Na2ETID or Ca2ETID (which is ~ 1000 times 

less soluble) have demonstrated their efficacy as inhibitors for mineralization of bioprosthetic 

cusps. The drug load solubility affects the drug delivery rate. Thus, after 150 days approximately 

80% of ETID was released from matrices containing exclusively Na2ETID in comparison with 

lower levels of release from matrices loaded with (the less soluble) Ca2ETID.[291] 
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 It must be noted that the required duration of drug delivery can be accommodated to range 

from several months to 10 or more years by varying the matrix geometry, polymer composition, and 

solubility of the ETID salt used.  

 The BPs are capable of bone-specific delivery as it has been already reported. However, 

some of the BP derivatives exhibit some disadvantages from a toxicological point of view: after the 

BPs or their derivatives are taken up by the bone tissue, they can remain attached onto the bone 

mineral for a long time, thus causing side-effects.  

 A prodrug-based delivery system was designed in order to overcome such problems, known 

as novel osteotropic delivery system (ODDS). This system operated not only as a bone-specific, but 

also as a controlled delivery system. The affinity for hydroxyapatite is the most definitive feature in 

order to attain the osteotropic drug delivery. The three main groups of the chemical compounds 

which can attach to the surface of hydroxyapatite are usually oxygen-based, such as carboxylate, 

phosphonate and hydroxyl moieties. A drug is bound to a bisphosphonic promoiety via 

bioreversible bonds. The BP prodrug is principally taken up by the bone due to the chemical 

adsorption of bisphosphonic promoiety to hydroxyapatite. After systemic administration, a 

bisphosphonic prodrug is rapidly delivered to the bone and subjected to enzymatic and/or chemical 

hydrolysis to afford the parent drug, depending on its cleavage rate. 

 Because many previous studies showed that diphosphonic prodrug of carboxyfluorescein 

(CF-BP) is strongly adsorbed onto hydroxyapatite in vitro and strongly taken up into osseous 

tissues after intravenous injection, the CF-BP was synthesized as a standard compound. Moreover, 

CF was used because this compound and its prodrug (CF-BP) could be detected not only by a 

fluorescence detector but also by fluorescence microscopy. As soon as CF-BP was incorporated into 

the bone, it dissolved very slowly generating CF in the systemic compartment.  It must be noted that 

the by-products, which are not taken up by the bone, are rapidly excreted from the body via the 

urinary system. 

 The P-C-P group in bisphosphonates is resistant to chemical and enzymatic 

degradation.[292] Hence, the elimination of CF-BP from the osseous tissue is the result of the 

hydrolysis of the ester bond, which was proposed on the basis of the presence of regenerated CF. 

Once the CF-BP is injected, the bone concentration of regenerated CF gradually increased during 

the following 7 days. In contrast, CF presents a really small skeletal distribution (0.9 % of dose) 

when it is injected intravenously. As a consequence, CF itself has no affinity for the bone. This 

phenomenon could be explained by the mechanism of the diffusion-limited release of regenerated 

CF through the bone mineral matrix. So, a skeletal diffusion-controlled system like the one 
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described, has the capacity to retain the plasma drug concentration for a long term and it could be 

helpful for effective therapies.[293],[294],[295] 

 There are a variety of research efforts on biological and biologically-inspired silica 

formation. These research studies put forth useful observations and conclusions. Based on such 

studies, it is now certain that an abundance of biomolecules (typically rich in amines), play a crucial 

role in biosilica deposition. It is now possible to develop new bioinspired green routes to 

nanostructured and porous silica by utilizing a wide variety of “additives” (analogues of 

biomolecules).[296] The use of “Green Nanosilica” has a variety of advantages. Some of these are 

related to the safety of the process, routinely performed on the bench-top at room temperature, in 

water and takes about 5 minutes. The composition of “Green Nanosilica” can be controlled in order 

to modify the system properties, such as the pore and particle size.[297] This can be achieved by 

making the “right” choice of an additive and synthesis conditions, as is shown by some SEM 

images (see Figure 4-4) from a study of Steven et al.[298]. It is clear that the utilization of this 

approach offers a one-step, “green” synthesis in contrast tothe time-, energy- and material-intensive 

methods for traditional materials.[296],[299],[297] 

 

 

Figure 2-4. Scanning electron micrographs of silica particles used: (a) Stöber silica, (b) 

PEHA–GN, (c) PAH–GN, (d) APMSN and (e) SAMSN. Reproduced with permission from 

Reference[253]. 

 

 A very intuitive application of siliceous ordered mesoporous materials combined with 

bisphosphonates was studied by Balas et al.[300] Aledronate in two different types of hexagonal 

ordered mesoporous materials, MCM-41 (DP = 3.8 nm) and SBA-15 (DP = 9.0 nm). Thomas et al. 

reviewed the adsorption from these systems/matrices (Figure 2-5).[301] In both cases, the surface of 
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the pore internal walls had undergone modification with amine groups (Chong and Zhao 

2003).[302] 

 

 

Figure 2-5. Alendronate adsorption on hexagonally ordered mesoporous silica, functionalized 

with propylamine groups. Reproduced with permission from Reference [301]. 

 

 The amine functionalization was confirmed with the use of FT-IR, N2 adsorption, and 

elemental analysis techniques. X-Ray diffraction patterns ensured that the ordered mesoporous 

framework of the materials was unaffected by the modification conditions. The grafting of 

propylamine to the pore walls in the modification process results to a decrease in the total pore 

volume and diameter, ca. 60 % for MCM-41 and ca. 40 % for SBA-15. After 24 h of immersion in 

an aqueous alendronate solution, the amine-modified materials showed a drug loading almost 3 

times larger than that of the unmodified materials (Figure 2-6). This difference a consequence of the 

interaction between the phosphonate groups in alendronate and the silanol groups in the case of 

unmodified materials and from the amine groups covering the surface of the mesopore walls of the 

modified materials.[303] 
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Figure 2-6.(a) Maximum load of alendronate in ordered mesoporous materials. (b) Release 

profiles of alendronate from the pure siliceous and amino-modified ordered mesoporous 

materials. Reproduced with permission from Reference [303]. 

 The interaction between silanol and phosphonate of the adsorbed drug is weaker than that of 

the amine to phosphonate under pH 4.8 loading conditions. This ends to an adsorption of 

alendronate molecules when the materials are amine-modified, 22 % in SBA-15-NH2 and 37 % in 

MCM-41-NH2. The diffusion of bisphosphonate molecules to the liquid media, in materials with 

high surface areas and small mesopores as a surface-dependent phenomenon, can be predicted by a 

first-order kinetics model (see Figure 2-6b).[304],[305] 
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3 EXPERIMENTAL                 

SECTION 

 

3.1 General description 

 

 In our effort to study the diffusion of various bisphosphonic acids from a silica-based 

hydrogel, we fabricated a hydrogel host system based on amorphous silica. This kind of hydrogels 

is well-known since the beginning of the lastcentury.[306]The experimental setup used for this 

study of release is shown below (see Figure 3-1). Identical shape and diameter borosilicate glass 

beakers were used to synthesize four (4) identical hydrogels with at total volume of 10 ml. Twelve 

hours after the formation of the gel a total volume of 50ml of DI water at pH value of 3 was 

carefully deposited on top of the gel mass. The detailed experimental procedure and sequence of 

measurements are presented below. In four (4)identical beakers 10 ml of DI water were added. 

Subsequently, 0.66 gr of sodium metasilicate penathydrate (3.14 mmol) were dissolved together 

with~1.5 mmol of each bisphosphonic acid studied. The pH value of final solution was about 12.5.  

With the use 0.75 ml of concentrated HCl (37%) the pH was adjusted to 7, a value at whichthe 

polymerization of silicic acid has the highest rate. [307],[308],[309],[310],[311],[312],[313], 

[314],[315],[316],[317],[318] 
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Figure 3-1.Experimental set-up, sampling and experimental procedure. 
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this particular value of pH as a simulation of the acidic conditions found in the human stomach. 

That point in time was the onset of the 48 hours-experiments of consecutive and parallel 

measurements on the four identical hydrogels devices. For the period of first six (6) hours sample 

of0.350ml were withdrawn from the supernatant every hour. During the following twelve (12) 

hours sampling was done every three (3) hours and the last sampling was done at the 24th hour. 

Afterwards, the sampling timing comprised of three equal time segments every 8 hours (see Figure 

3-1). All samples of the supernatant were measured using NMR spectroscopy. The quantification 

was made possible by the presence of deuterium oxide, D2O,99.9 atom % D (contains 0.05 wt. % 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt) as the internal standard.  

 

3.2 Materials 

 

 Sodium silicate pentahydrate, Na2SiO3·5H2O, silicic acid (< 20 micron, refined, 99.9%) and 

potassium hydroxide was purchased from Sigma Aldrich. Rubidium hydroxide hydrate was 

purchased from Alfa-Aesar. ETID (either as solid tetrasodium salt or as acid in aqueous solution) 

was used as received from Solutia Inc. Deuterium oxide (99.9 atom % D) that contained 0.05 wt. % 

3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt purchased also from Sigma Aldrich. 

Deionized water from an ion-exchange resin was used for all experiments and stock solution 

preparations.  

 

3.3 Instrumentation 

 

 Solid state NMR experiments (by our collaborators Mr. Stephan Brueckner and Professor 

Eike Brunner, TUD, Dresden, Germany) were performed on a Bruker Avance 300 NMR 

spectrometer with a 7 mm MAS wide bore probe. The operating resonance frequency (rf) of 

300.1 MHz for 1H, 59.6 MHz for 29Si and of 121.5 MHz for 31P measurements. 7 mm Zirconia 

rotors with KEL-F inserts were used. For direct excitation measurements π/2 pulses at rf fields of 

34.7 kHz on 29Si and 65.8 kHz on 31P were applied. The interscan delay was set to 180 s for 31P 

and 120 s for 29Si. During acquisition TPPM decoupling with rf field at 50.0 kHz was used. 

Measurements were performed at a sample spinning speed of 7 kHz. For the 1H-31P CP MAS 

experiments a ramped CP by using an rf field of 53.2 kHz for the spinlock on 31P, an 80%-100% 

ramp on the proton channel, and a contact time of 1.5 ms were applied. The corresponding 

decoupling was performed using the TPPM decoupling scheme at an rf field of 50.0 kHz during 
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acquisition. The interscan delay was set to 5 s. An AVANCE 300 (Bruker, Karlsruhe, Germany) 

spectrometer was used (University of Crete, Department of Chemistry, Greece) for the BP release 

experiments. SEM data and images collected with a JOEL JSM-6390LV electron microscope 

(University of Crete,  Crete, Greece). 

 

3.4 General comments on the synthesis of bisphosphonates 

(Data and information were kindly provided by our collaborators from the University of 

Eastern  Finland, School of Pharmacy, Kuopio, Finland) 

 

 Alendronate and neridronate were synthesized and characterized as reported 

elsewhere.[319]The C3BP (disodium salt) and C5BP (disodium salt) were synthesized according to 

the procedure described Egorov et al. and can be found in detail with NMR and HRMS 

characterization data in supporting information.[320] 

3.4.1 General. 

 

 1H and 31PNMR spectra were recorded on a 600 MHz spectrometer operating at 600.2 and 

243.0 MHz, respectively; 13C NMR spectra were recorded on a 500 MHz spectrometer operating at 

125.8 MHz. The solvent residual peak was used as a standard for 1H measurements in D2O (4.79 

ppm) and in 13C measurements CD3OD were added to be as a reference (49.00 ppm) [Gottlieb, 

H.E.; Kotlyar, V.; Nudelman, A. NMR Chemical Shifts of Common Laboratory Solvents as Trace 

Impurities. J. Org. Chem. 1997, 62, 7512-7515]. 85% H3PO4 was used as an external standard in 

the 31P measurements. The nJHH couplings were calculated from proton spectra and all J values are 

given in Hz. The nJCP couplings were calculated from carbon spectra with the coupling constants 

given in parenthesis as Hz. Mass spectra were recorded with a Finnigan LCQ quadrupole ion trap 

mass spectrometer (Finnigan MAT, San Jose, CA, USA) equipped with an electrospray ionization 

source. The purity of the products was determined from 1H and 31P NMR spectra and was  95 % 

unless stated otherwise. 

3.4.2 Synthesis of 1-hydroxybutane-1,1-bisphosphonic acid disodium salt (C3BP). 

 

 1 M catecholborane solution in THF (36.5 mL, 36.5 mmol) was added to a flask containing 

butyric acid (3.2 g, 36.3 mmol) under an nitrogen atmosphere at room temperature. The mixture 

was stirred for about 1 hour until no more gas evolution was observed. Tris(trimethylsilyl) 
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phosphite (22.3 g, 25.0 mL, 74.8 mmol, 2.05 equiv.) was added and stirring was continued for 20 h. 

Methanol (120 mL) was added and, after stirring for 4-5 h., the solvents were evaporated in vacuo. 

The residue was dissolved in water (15 mL) and about 75 mL of MeOH was added. pH was 

adjusted to 8-9 by adding 40% NaOH with stirring. White precipitate formed and after 0.5 h it was 

filtered, washed with H2O/MeOH (1:5) and dried in vacuo for several days with warming (MeOH 

was extremely “tightly” in crystal product). 1-hydroxybutane-1,1-bisphosphonic acid disodium salt 

(6.01 g, 60%) was obtained as a white powder. 1H NMR (D2O):  1.88-1.79 (m, 2H,CH2), 1.56-1.47 

(m, 2H, CH2), 0.89 (t, 3H, 3J = 7.4). 13C NMR (D2O, CD3OD as ref.)  75.4 (t, 1JCP = 130.8, P-C-P), 

37.2, 18.2 (t, 2JCP = 6.3), 15.2. 31P NMR (D2O)  18.79. MS (ESI-) calc d. for C4H11O7P2
- [M-H]- 

232.9986, found: 232.9985. 

 

 

 

Table 3-1.Molecular structure, 1H, 31P, 12C spectrum respectively for  C3BP. 
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3.4.3 Synthesis of 1-hydroxyhexane-1,1-bisphosphonic acid disodium salt (C5BP). 

 

 Prepared similarly to compound C3BP from hexanoic acid (4.23 g, 36.4 mmol), 1 M 

cathecolborane solution in THF (36.4 mL, 36.4 mmol) and tris(trimethylsilyl) phosphite (22.3 g, 

25.0 mL, 74.8 mmol, 2.05 equiv.). 1-hydroxyhexane-1,1-bisphosphonic acid disodium salt (7.34 g, 

66%) was obtained as a white powder. 1H NMR (D2O):  1.92-1.83 (m, 2H,CH2), 1.57-1.50 (m, 

2H,CH2), 1.36-1.24 (m, 4H, 2 x CH2), 0.87 (t, 3H, 3J = 7.2). 13C NMR (D2O, CD3OD as ref.)  75.3 

(t, 1JCP = 132.0, P-C-P), 34.9, 33.1, 24.4 (t, 2JCP = 5.7), 22.9,14.4. 31P NMR (D2O)  18.72. MS 

(ESI-) calcd.for C6H15O7P2
- [M-H]- 261.0299, found: 261.0297. 

 

Table 3-2.Molecular structure, 1H, 31P, 12C spectrum respectively for  C5BP. 
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3.5 Preparation of gels 

 

 Herein, the synthesis of an ETID-loaded gel is described, as an example. All other BP-

loaded gels were prepared in the same manner. The synthesis of each BP-loaded gel was repeated 

four (4) times using identical shape and diameter borosilicate glass beakers. In a beaker 10 mLof DI 

water was added. In this a quantity (0.66g, 3.14 mmol) of sodium metasilicate pentathydrate was 

dissolved, together with 0.50 g, 1.70 mmol) of tetrasodium ETID, while keeping the solution under 

stirring. The pH value of this solution was ~ 12.5. The pH was adjusted to 7.00 with the use 0.75 

mL of concentrated HCl (37 %). This particular pH value was selected because the polymerization 

of silicic acid has the highest rate there. Gel formation commences within 10 minutes, however the 

freshly formed and “loose” gel was allowed to mature for 12 hours, after which a shapely and 

translucent gel formed. Gel preparation can be reproducibly repeated and can be modified by 

altering the amount of Na+ ions, replacing the alkali ion, or changing the entrapped BP.BP-

containing gels for all remaining BPs were prepared in the same manner, using quantities shown in 

the Table 3-3. 

 

Table 3-3.BP-containing gels for all remaining BPs were prepared in the same manner, using 

quantities shown. 

BP Mass (g) mmoles 

ETID 0.50 g 1.70 mmol 

C3BP 0.38 g 1.36 mmol 

C5BP 0.48 g 1.56 mmol 

PAM 0.29 g 1.22 mmol 

ALE 0.37 g 1.25 mmol 

C4NBP 0.35 g 1.31 mmol 

NER 0.35 g 1.25 mmol 
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3.6 Controlled release of BPs from gels 

 

 On top of the solidified gel, a volume of deionized (DI) water (50 mL), pre-acidified to pH ~ 

3 was carefully poured. This marked the initiation of the controlled release process (t = 0), which 

continued for 48 hours. For the initial 6-hour period an aliquot of 0.350 mL was withdrawn from 

the supernatant every hour. After the 6th hour and for the next 12 hours, sampling was performed 

every 3 hours. Finally, after the 18th hour and until the end of the release experiment (at the 

48thhour) sampling was performed every 8 hours. The withdrawn samples were mixed with 0.150 

mL of deuterium oxide (99.9 atom % D) that contained 0.05 wt. % (4.3375 μmol) 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt, TSP) as standard. 1H NMR spectra were 

recorded on a Bruker AVANCE 300 MHz NMR (Bruker, Karlsruhe, Germany) spectrometer at 

293.2 K operating at a proton NMR frequency of 300.13 MHz. Standard solvent (D2O)  was used as 

internal lock. Each 1H spectrum consisted of 32 scans requiring 3 min. and 39 min. acquisition time 

with the following parameters: Spectral width = 20.5671 μs, pulse width (P1) = 15.000 μs, , and 

relaxation delay (D1) = 4.000 seconds.  Polynomial 4th-order baseline correction was performed 

before manual integration of all NMR spectra. Proton and carbon chemical shifts in D2O are 

reported relative to TSP. The characteristic peaks for each compound were integrated using the 

integration tool available from the Bruker software (TopSpin 3.2). For each compound we selected 

the integration value of the sharpest peak. However, all results derived from the integration values 

of the sharpest peaks were cross-checked and confirmed by using other peaks in the 1H NMR 

spectra of each compound (Table 3-4). 

 

Table 3-4.1H NMR spectra for ETID, C3BP, C5BP, PAM, ALE, C4NB, NER respectively. 
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3.7 SEM studies 

3.7.1 SEM characterization and imaging of “empty”, “drug-loaded”,”used” gels. 

 

 Samples of all studied hydrogels (“empty”, ETID-loaded, “emptied” and “used” gels) were 

treated several times and in series with Ethanol/H2O solutions, 30/70, 50/50, 70/30, 90/10, and 
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finally 100/0, in order to achieve complete dehydration. Then a typical protocol of CPD was 

followed before the SEM studies. 

 

Table 3-5.SEM images (surface and cross-sections) of silica gels prepared in the absence of 

BP(ETID) drug. 
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Table 3-6.SEM images of freshly “drug-loaded” gels (with ETID bisphosphonate). 
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Table 3-7. SEM images of “used” gels (after 48 hour release). 
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3.7.2 EDS characterization. 

 

Table 3-8.EDS of freshly-prepared ETID-loaded gels. 

  

  

  

 

Table 3-9.EDS of "used" gels (after 48-hour release). 
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3.8 Mathematical data treatment 

 

 All aliquot samples withdrawn from the supernatant were measured using1H, 13C, and 31P 

NMR spectroscopy. The quantification of the released BP was based on integration of peaks in the 

1H spectrum and was made possible by using deuterium oxide 99.9 atom % D as solvent, that 

contains 0.05 wt. % 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, TSP, as standard. Each 

release experiment was repeated 4 times in order to achieve maximum reproducibility and 

satisfactory statistics. Each release experiment consisting of 15 samplings/measurements, and 

repeated 4 times, was treated with the IGOR Pro 6.05 software.  

 The last step in the mathematical treatment of the results was the creation of a universal 

curve in the form 𝑓(𝑡) = 𝑎 ∗ 𝑒−𝑏∗𝑡 +  𝑐 that depicts the average value of the diffusion of the 

phosphonate from the silica hydrogel, including standard deviation. Factor "𝑎" of the equation is the 

“frequency factor” and it is related to the entropy difference between the gel and the liguid phase. 

Factor “b” is the exponential parameter that describes the energy statistical distribution of the 

molecules through desorption. Constant "𝑐" describes all the remaining interactions between the 

different phases (diffusion inside the gel, diffusion in the liquid, adsorption etc). The variable “t” is 

the time. (Table 3-10) 
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Table 3-10. The least square theory applied by the IGOR software on all data points (graphs 

to the left) and mean values (graphs to the right). In both cases the results are almost 

identical. 

  

  

 

  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

72 

 

4 RESULTS  

AND  

DISCUSSION 

4.1 Comments and discussion on the results 

 

 All BPs studied were synthesized by following established procedures (except the 

commercially available tetrasodium salt of HEDP). These BPs exhibit systematic structural 

differences, e.g. carbon chain length, and the presence ofthe amino end-group. These details are 

presented in Table 4-1. 
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Table 4-1.Bisphosphonate notation and structures. 

 

 The structural characteristics of the above BP compounds allow us to categorize them into 

two groups: (i) those containing an alkyl non-polar side-chain (ETID, C3BP and C5BP), and 

(ii)those containing a polar amine side-chain (PAM, ALE, C4NBP, and NER). Hence, we have 

bisphosphonates with one(1), three(3) and five(5) carbons in the carbon chain and bisphosphonates 

with two (2), three(3),four(4) and five(5) carbons and also an amine as a terminal group of the 

Bisphosphonate 
common name 

Bisphosphonate 
Chemical name 

Bisphosphonate 
abbreviation 

Bisphosphonate 
structure 

Available as 
“acid” 

Available as 
“salt” 

Etidronic acid 

1-hydroxyethane-
1,1-
bisphosphonic 
acid 

ETID 

 

YES 
Tetrasodium 

salt 

Not available 

1-hydroxybutane-
1,1-
bisphosphonic 
acid disodium 
salt 

C3BP 

 

NO Disodium salt 

Not available 

1-
hydroxyhexane-
1,1-
bisphosphonic 
acid disodium 
salt 

C5BP 

 

NO Disodium salt 

Pamidronic acid 

3-Amino-1-
hydroxypropane-
1,1-diphosphonic 
acid 

PAM 

 

YES NO 

Alendronic acid 

3-Amino-1-
hydroxybutane-
1,1-diphosphonic 
acid 

ALE 

 

YES Disodium salt 

Not available 

4-Amino-1-
hydroxypentane-
1,1-diphosphonic 
acid 

C4NBP 

 

YES NO 

Neridronic acid 

6-Amino-1-
hydroxyhexane-
1,1-
bisphosphonic 
acid 

NER 

 

YES NO 
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chain. All these BPs contain an identical bis-phosphonate/hydroxyl moiety on one end, hence, their 

structural differences reside on the other end, which carries either a non-polar alkyl chain, or an 

aminoalkyl polar chain. Thus, it was interesting to see the effects of these structural variables on the 

possible steric interactions of the molecule with the hydrogel system and secondly the electrostatic 

cooperative interactions with the solvent (water). 

 In accordance with the above considerations we ensured the reproducibility of the 

experimental results in all series of experiments by keeping several variables constant, eg. Solution 

volume, temperature, pH, equimolar ratio of phosphonates, profile of beakers and gel 

surface/diameter. Thus, controlled release curves were constructed, which are presented in Figure 4-

1. The traces are normalized based on the method of least squares. 

 

 

 

Figure 4-1. Release profiles of all BP’s from identical silica gel matrices. 

  

 It is interesting to have a more careful look at the controlled release results (curves) 

according to the type of side-chain on the various BPs. Regarding the non-polar alkyl side-chain 
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BPs (see Figure 4-2) a systematic increase in the carbon chain of the substituted R side group 

causes both a slower release rate and final total release. 

 

 

 

 

 

Figure 4-2. Release profiles of ETID, C3BP, C5BP. The reduction is distinctive as the carbon 

chain increases by two methylene groups. 

 

 As shown in Figure 4-3, there is an almost linear relationship between the carbon atoms in 

the alkyl side-chain and the final BP release. 
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Figure 4-3. Relationship between the number of carbon atoms on the side-chain of ETID, 

C3BP and C5BP with the final % BP release. 

 Subsequently, it is revealing to examine the impact brought about by the presence of a 

charged group such as amino group. For such a comparison, similar molecular size BPs need to be 

evaluated. Therefore, comparative results between 1-hydroxybutane-1,1-diyl)bis 

(hydrogenphosphonic acid (C3BP) disodium salt, and (3-amino-1-hydroxypropane-1,1-

diyl)bis(phosphonic acid) (Pamidronic Acid, PAM) are presented in Figure 4-4. In this case the two 

molecules have similar size but with the difference of the charged terminal. It is clear from the 

results shown in Figure 4-4 that the presence of the amino group profoundly enhances the diffusion 

rate and the final% release value. 
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Figure 4-4. Comparison of C3BP and PAM release profiles. 

  

 An additional comparison involving larger molecular size phosphonates confirms the 

conclusion drawn from the comparison between C3BP and PAM. Thus, by comparing the release 

profiles of C5BP and C4NBP (Figure 4-5), it is evident that the amino-containing BP (C4NBP) 

demonstrates faster and higher end % release than the alkyl analog C5BP. 
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Figure 4-5. Comparison of release profiles of C5BP (a 5-atom, non-polar alkyl side-chain) and 

C4NBP (a 5-atom, amine-containing polar side-chain). 

 

 Another comparison, as performed for alkyl BPs, is between amino-BPs, in order to assess 

the influence of the systematic length increase of the aminoalkyl side chain. Figure 4-6shows 

comparative results of the controlled release of the family of BPs with hydrophilic, amine-

containing side-chains (PAM, ALE, C4NBP, and NER). The results are quite intriguing, when 

compared to those for non-polar side chain BPs (Figure 4-2), as they reveal that the presence of the 

amine group on the side chain profoundly enhances release rates and final % release. PAM, with an 

ethylamine side chain, exhibits the fastest release and final % release (~ 80 %) of all. Side chain 

elongation in amino-BPs decelerates release rates and lowers final % release (eg. for C4NBP it is 

70 %). Nevertheless, side chain length increase beyond 3 atoms (two C’s, one N) does not induce 

systematic release reduction, as the results are nearly indistinguishable, thus pointing to a strong 

effect from the amine end-functionality surpassing that of the chain lengthening. 
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Figure 4-6. Long-term controlled release (48 hours) of BPs with hydrophilic, amine-

containing side chain (PAM, ALE, C4NBP, and NER). 

 

 

 The release results presented in Figure 4-3 and Figure 4-6 clearly demonstrate some 

important trends. Both for amino-BPs and non-polar side-chain BPs, their rates and final % release 

correlate with their aqueous solubility trends (see Figure  4-7 and Figure 4-8).[319], [321] 
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Figure 4-7. Correlation between the number of carbon atoms (length of aminoalkyl side 

chain) on amino-BPs and water solubility.Data taken from the SI of Reference 319. 

 

Figure 4-8. Correlation between the number of carbon atoms (length of aminoalkyl side 

chain) on amino-BPs and water solubility.Data taken from the SI of Reference 321. 
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 Interestingly, none of the BP-loaded hydrogels reaches quantitative release (eg.ETID 

reaches a ~ 75 % plateau after ~ 24 hours). In order to address whether the equilibrium reached after 

24 h is final, and whether the remaining BP inside the hydrogel can be further released, step-wise 

experiments were performed, in which the supernatant was replaced with “fresh” aqueous medium 

after each release plateau was reached. 

 The results for ETID- and PAM-loaded gels are shown in Figure 4-9, supporting the 

conclusion that if equilibrium is “reset” the BPs continue to be released until a final, essentially 

quantitative release is achieved. Secondly, there is no detectable BP entrapped in possible 

inacessible gel pores, as indicated by the quantitative final release within 144 hours. 

 

 

Figure 4-9. Step-wise, sustained controlled release of ETID and PAM for 144 hours. 

  

 “Empty”, BP-free hydrogels were evaluated for their ability to be reloaded with drug. Thus, 

an “empty” (no BP) gel was prepared as “control”. This gel, together with a second BP-loaded gel 

after its release, were exposed to an aqueous supernatant that contained the same content of ETID 

(as in a regular “loaded” gel) in order to assess whether the ETID will re-enter the gels. Indeed, 
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both gels absorbed ~ 20 % of dissolved ETID. Subsequently, both gels were subjected to the usual 

release conditions, delivering ~ 60 % of the absorbed ETID (Figure 4-10). Both gels exhibited the 

same behavior, proving that both “freshly-prepared” and “used” gels (after release) are robust and 

re-loadable.  

 

 

Figure 4-10. Release profiles of re-absorbed ETID from a freshly-prepared gel and from a 

used (emptied) gel. 

 

 All gels contain Na cations (from the silicate starting material). Next, we tried to study the 

effects arising from the different concentrations of sodium cations, focusing on one BP, ETID. For 

all release studies of ETID presented so far, the tetrasodium salt of ETID was used. Also, for the 

synthesis of the corresponding hydrogel we used disodium metasilicate pentahydrate 

(Na2SiO3•5H2O). Thus, six (6) sodium cations correspond to one (1) molecule of ETID. With that 

in mind we synthesized hydrogels using pure Etidronic acid and disodium metasilicate pentahydrate 

(Na2SiO3•5H2O), making sure to keep all other experimental parameters constant. The results are 

shown in Figure 4-11). 

 

Corresponds to  
~ 60 % of 

reabsorbed ETID 

http://www.thwater.net/Tetra-sodium-of-1-Hydroxy-Ethylidene-1-1-Diphosphonic-Acid.htm
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 It becomes evident that the difference in concentration of sodium cations does not 

particularly affect the phenomenon of desorption and release. The small differences in the final 

value fall within the experimental error. In order to strengthen and confirm this claim, we 

synthesized hydrogels with the use of silicon dioxide and sodium hydroxide. For this case we used 

equal molar silicon mass (0.314 mmoles) as the gels resulted from the reagent sodium metasilicate 

pentahydrate and two and six times respectively additional molar amount of sodium hydroxide. In 

the first case the gel (with two molar equivalents of sodium) it was possible to keep all conditions 

identical (volume, temperature, pH, equimolar ratio of reagents, profile and gel surface (using 

exactly the same experimental beakers), while in the second case(six (6) molar equivalents of 

sodium) the hydrogel formed at the pH value of 10.5. 

 

 

Figure 4-11. Effect of number of Na+ ions per ETID molecule present in the gel, on ETID 

release. 

 The results and the release curves obtained thus far can be used for useful comparisons that 

can lead to important conclusions. As a first comparison, we can compare the release curves derived 

from two hydrogels: (a) the one that was synthesized using sodium metasilicate pentahydrate 
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(Na2SiO3•5H2O) and“pure”ETID (as acid, no Na+ cations), resulting in two Na+ cations per ETID 

molecule, and (b) the analogous hydrogen resulting from the dilution/dissolution of silica (SiO2) 

and sodium hydroxide (2•NaOH), resulting in four Na+ cations per ETID molecule. It is evident 

that both exhibit consistent and very similar ETID diffusion/release. The slight difference in the 

release rate falls within the statistical error. It is important to mention that all experimental 

conditions were kept identical in both cases (Figure 4-11).  

 In order to extend the above comparison we added the release data derived from a hydrogel 

that was synthesized using the tetrasodium salt of ETID(ETID•4Na) and sodium metasilicate 

pentahydrate (Na2SiO3•5H2O), resulting in six Na+ cations per ETID molecule. Again, all 

experimental conditions were kept identical to the previous gel syntheses. The release results were 

the same as with the aforementioned two gels. At the same time, it was confirmed that the nature of 

starting “silicon” reagent has no effect to the gel release properties. Figure 4-11 shows these 

combined results and leads to the conclusion that the diffusion of ETID remains unaffected by the 

method for preparing the gel and the number of Na+ cations per ETID molecule (two, four or six). 

 Another gel was prepared from SiO2 and 6moles of NaOH. This gel contains six Na+ cations 

per ETID molecule, however it is different from the aforementioned gel made from the tetrasodium 

salt of ETID(ETID•4Na) and sodium metasilicate pentahydrate (Na2SiO3•5H2O) also containing six 

Na+ cations per ETID molecule, in that the former can only be prepared at pH of 10.5, whereas the 

latter atpH 7. Hence, this was a nice opportunity to evaluate the effect of pH of gel preparation on 

therelease properties of these two gels. In Figure4-12 the results of these studies are shown. The 

comparison between the two release curves reveals that the significant difference in the pH of the 

hydrogel composition incurs a dramatic variation in ETID. This phenomenon, most likely, can be 

attributed to the silica gel nature that results from the polymerization of silica at these two different 

pH values. It should be mentioned that the curves presented and compared inFigure 4-12are derived 

from the fitting of the average of four repetitions (as well as the standard deviations) of these two 

hydrogels, enhancing the claim that the differences observed in diffusion rates are real, and beyond 

experimental error. 

 

 

 

 

 

http://www.thwater.net/Tetra-sodium-of-1-Hydroxy-Ethylidene-1-1-Diphosphonic-Acid.htm
http://www.thwater.net/Tetra-sodium-of-1-Hydroxy-Ethylidene-1-1-Diphosphonic-Acid.htm
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Figure 4-12. Effect of matrix's synthesis pH on ETID release. 

 

 Having reached important conclusions regarding the effects of the number of Na+ cations 

per ETID molecule and pH of gel synthesis, we wanted to evaluate the effect of the nature of the 

alkali metal cations present in the hydrogel. Hence, we synthesized a number of new hydrogels, 

using potassium and rubidium hydroxide as bases.  

 In the case of potassium hydroxide (KOH),the studied hydrogel composition consisted of 

“pure” ETID (as acid, no Na+ cations present), silicon dioxide (silica, SiO2) and potassium 

hydroxide. Molar ratios were strictly followed in this case were K:Si:ETID 2:1:1. However, we 

were able to prepare the K-loaded gel only at thepH of10.5.Pellets of Potassium hydroxide, Silicic 

acid, and HEDP as acid were used for the synthesis of the matrices. The only difference between 

the two system was the molar ratio in KOH. 
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Figure 4-13. Effect of number of K+ ions per ETID molecule present in the gel (the same pH 

value), on ETID release. 

 

 Based on the comparative curves presented in Figure 4-13 it is evident that the two identical 

(except for the number of K+ cations) gel matrices have similar values in the final ETID release. A 

small but distinctive variation occurs in the initial rate of ETID release. As before, all other 

experimental conditions were identical (gel volume, supernatant volume, ETID concentration and 

temperature), hence the slight variation in release (slower in the case of six K+ cations) observed 

must be due to the concentration of potassium cations. Therefore, increasing the number of 

potassium cations in the system slows down ETID release. 

 The comparison of the results of the two gel systems (sodium- and potassium-loaded gels) is 

shown in Figure 4-14. In order for the comparison to be meaningful, sodium- and potassium-loaded 

gels must be compared at the same pH value, while the M+:Si:ETID molar ratio is the same for both 

gels, 6:1:1. It is evident that, while all other experimental conditions remain the same, increasing 

the ionic radius of the alkali metal cation contributes to small but distinct differences of the ETID 

release rate from the silica-hydrogel matrix. Final ETID release appears to be nearly the same for 

both gels. The same conclusions can be seen in comparisons presented in Figure 4-15a,b,c. On one 
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hand, increasing the ionic radius increases the release rate and the on the other hand the increase of 

the pH reduces the rate and the final release value. 

 

 

 

 

 

 

 

 

Figure 4-14. Effect of ion's nature per ETID molecule present in the gel (the same pH value) 

on ETID release. 
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Figure 4-15. a) Effect of pH on ETID release from sodium-loaded gel matrices. b) Effect of the 

number of potassium cations per ETID molecule on ETID release. c) Comparison of ETID 

release rates between sodium- and potassium-loaded gels. 

 

 The synthesis of a rubidium-loaded hydrogel system (using2 moles of rubidium hydroxide, 

RbOH) was selected as the next target. Based on the same approach, we kept all other experimental 

variables identical. The “complication” in the synthetic process was that no gel could form at a pH 

lower than 11. Figure 4-16 presents the normalized results from quadruplet experiments of the 

release of ETID from a Rb-loaded silica hydrogel matrix. 
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Figure 4-16. ETID release profile from a Rb-loaded hydrogel. 

 

 On the basis of the previous results obtained thus far on Na- and K-loaded hydrogels, we 

expected an increase in the ETID release rate with concurrent lowering of the final release value. In 

fact this new system, as indicated by the first 12hoursof the experiment, shows a behaviour that lies 

between the two previous systems. The final value of release is reduced considerably. In Figure 4-

17 comparative curves are presented of the three different systems (sodium, potassium and 

rubidium) at the same pH values and identical molar ratios. Hence, the effect of the nature of the 

alkali metal cation (ionic radius/size) is inconclusive at this point. 
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Figure 4-17. Release profiles of ETID from similar sodium-, potassium- and rubidium-loaded 

hydrogels. 
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5 CONCLUSIONS & PERSPECTIVES  

 In conclusion, in the present Thesis we have reported the fabrication, characterization and 

BP-release properties of silica-based gels. These gels can be prepared in a cost-effective manner 

from “cheap” reagents. They possess several attractive features such as: 

(a) injectability (Figure 5-1) 

(b) responsiveness to temperature 

(c) re-usability 

(d) re-loadability.  

Furthermore, the BP drug release profiles can be fine-tuned to achieve the desired drug release, by 

altering several factors such as: 

(a) temperature 

(b) cations present 

(c) pH 

(d) inherent structural features of the BPs 
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Figure 5-1. View of the silica gel-BP system injectability. 

 

 The phosphonates drugs were carefully selected and categorized into two families, ie. BPs 

with polar aminoalkyl side chain, and BPs with non-polar alkyl side chain. Their release from the 

aforementioned soft silica gel matrices into an aqueous medium mimicking that of the human 

stomach was systematically studied. Controllable release/diffusion was achieved. The presence and 

the absence of an amine group on the molecules backbones, the length of the carbon side-chain, the 

pH value of the matrix and the nature of the cations were the basic “tools” to control the rate and 

final release of the BP drugs. 

 The chemistry of soft silica gels presented can be extended in a number of ways. For 

example, functional silanes could be inserted into the silicate medium during the gel formation 

reaction, and, thus, modify the gel inner surface. A few representative silanes are presented below. 

 One such example is 3-aminopropyltrimethoxysilane (APTMOS, see Figure 5-2). Co-

polymerization of APTMOS (after hydrolysis) with the silicate ions is expected to yield a modified 

gel, with alkylamine groups protruding from the inner gel pores. At pH regions below ~ 10 the 

amine groups will be protonated (-CH2CH2CH2NH3
+), therefore the gel should be cationic overall. 

This is expected to increase BP adsorption because of the anionic phosphonate groups, and hence 

further delay the BP release. 
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Figure 5-2. Schematic structure of 3-aminopropyltrimethoxysilane (APTMOS). 

 

 A second example of a silane-based modification of the gel is the use of TESPSA, Figure 5-

3. TESPSA must undergo two processes before it can functionalize the silica gel surface. First, the 

silicate esters must be hydrolyzed, and secondly the succinic anhydrite ring must open, yielding the 

structure depicted in Figure 5-3. 

 

 

Figure 5-3. Hydrolysis and ring-opening of TESPSA yielding a polymerizable succinic acid 

analog. 

 

 Afterwards, grafting/copolymerization of the modified TESPSA can functionalize the gel 

surface, but in this case, with anionic moieties (two carboxylates), Figure 5-4. Hence, such a 

modified gel is expected to possess enhanced absorption properties towards cationic molecules. 

Therefore, in the framework of BP-related research, such a gel is expected to induce delayed release 

of aminoalkyl BPs. 
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Figure 5-4. Grafting of the silica gel surface with TESPSA. 

 

 The use of soft silica gels presented could be extended beyond the field of pharmacology. 

For example, based on the re-loadability property of these gels, they could be used in adsorbing 

toxic organic substances from aqueous streams, an important environmental application for 

remediation of polluted aqueous systems.  
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