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ABSTRACT 
 

Silica is abundant and structurally malleable for numerous applications. In this work, we 

applied mesoporous silica and its functionalized forms for catalysis of phosphodiester hydrolysis. 

Hybrid materials were obtained by post-grafting with carboxyl and amine groups, which were 

anchor points for lanthanide (III) ions. Materials were characterized regard their composition, 

morphology and properties using infrared spectroscopy, thermo gravimetric analysis (TGA), 

differential scanning calorimetry (DSC), elemental analysis, total-reflection X-ray fluorescence 

(TXRF), nitrogen adsorption, scanning and transmission electron microscopy, X-ray powder 

diffraction (XRD), and zeta potential. Functionalization and coordination were effective, and the 

hybrid material kept the mesoporous structure with small surface area reduction. The 

organometallic silica was an effective heterogeneous catalyst for the hydrolysis of the 

prototypical phosphodiester bis(2,4-dinitrophenyl)phosphate at different pH and 25°C. In the 

first use the catalytic proficiencies were between 10 to 50-fold relative to the uncatalyzed 

hydrolysis. All materials showed higher catalytic activity upon hydrated reuse, which was caused 

by structural changes on the silica surface. The reuse of PSiM-NH2La on hydrated conditions at 

pH 8.1 followed a first-order rate constant with kobs = 8.4 x 10-3 min-1, corresponding to a catalytic 

proficiency of about 600-fold. We observed that hydration (and the hydration method) of the 

surface is fundamental for the catalytic properties of the material. The complete hydrolysis does 

not follow a simple two consecutive first-order kinetics, and we used a model that takes into 

account the Avrami kinetic model, which describes how solids transform from one phase (state 

of matter) to another at constant temperature. The phase change was characterized by X-ray 

powder diffraction, nitrogen adsorption, transmission electron microscopy, zeta potential, and 

solid-state nuclear magnetic resonance. The importance of the nature of functionalization 

(carboxyl and amino) was evaluated in different pH showing that BDNPP hydrolysis is 

accomplished in different ways but with similar catalytic proficiencies.  

Keywords: Mesoporous Silica, hydrolysis, phosphodiester, Kinect, Lanthanide 
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RESUMO 
 

A sílica é abundante e estruturalmente maleável para inúmeras aplicações. Neste trabalho, 

aplicamos a sílica mesoporosa e suas formas funcionalizadas como catalisadores na hidrólise da 

ligação fosfodiéster. Materiais híbridos foram obtidos por pós-funcionalização com grupos 

carboxila e amina, que eram pontos de ancoragem para íons lantanídeos (III). Os materiais foram 

caracterizados em relação a composição, a morfologia e propriedades usando espectroscopia 

de infravermelho, Análise termogravimétrica (TGA), calorimetria diferencial de varredura (DSC), 

análise elementar, a fluorescência total-reflexão de raios-X (TXRF), adsorção de nitrogênio, de e 

a microscopias electrónicas de transmissão e de varredura, Difração de raios X (XRD) e potencial 

zeta. A funcionalização e coordenação foram eficazes, e o material híbrido manteve a estrutura 

mesoporosa com pequena redução da área superficial. A sílica organometálica é um catalisador 

heterogêneo eficaz para a hidrólise de um modelo de fosfodiéster bis(2,4-dinitrofenil) fosfato a 

diferentes pH e 25 ° C. No primeiro uso, as eficiências catalíticas obtidas estão entre 10 a 50 

vezes em relação à hidrólise não catalisada. Todos os materiais apresentaram maior atividade 

catalítica quando reutilizados em sua forma hidratada, efeito causado por alterações estruturais 

na superfície da sílica. A reuso de PSiM-NH2La em condições hidratadas em pH 8,1 segue um 

perfil de primeira ordem com uma constante kobs = 8,4 x 10-3 min-1, o que corresponde a uma 

eficiência catalítica de cerca de 600 vezes. Observamos que a hidratação (e o método de 

hidratação) da superfície é fundamental para as propriedades catalíticas do material. A hidrólise 

completa não segue duas cinéticas de primeira ordem consecutivas simples, e desenvolvemos 

um modelo que leva em conta o modelo cinético de Avrami, que descreve como os sólidos de 

se converte de uma fase (estado da matéria) para outra a uma temperatura constante. A 

mudança de fase foi caracterizada por difração de raios-X em pó, adsorção de nitrogênio, 

microscopia electrónica de transmissão, potencial zeta, ressonância magnética nuclear de silício 

no estado sólido. A importância da natureza da funcionalização (carboxila e amino) foi avaliada 

em diferentes pH mostrando que a hidrólise de BDNPP é realizada por caminhos diferentes, mas 

com uma eficiência catalítica semelhante. 

 

Palavras Chaves: Sílica Mesoporosa, Hidrólise, Fosfodiéster, Cinética, Lantanideo 
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1. INTRODUCTION 
Phosphorus is a vital element in the composition of the living matter. Although, the human 

body contains only 1% in average of this element, this small amount is important for many 

cellular process.1 For example, phosphodiester bonds form the backbone of DNA and play an 

important role for storage and transmission of the genetic information. The importance of these 

processes for maintenance of life are parallel with the formidable stability of phosphodiester 

bonds, which the estimated half-lives are over 30 million years.2 Indeed, in order to life evolve 

and survive, nucleases are required to read or copy the genetic information precisely and within 

a lifespan. Another example is storage and transfer of energy in all organisms, which depends 

on the hydrolysis of adenosine triphosphate (ATP), catalyzed by ATPase’s. This reaction is 

ubiquitous for all living forms to drive other chemical reactions that would not occur 

spontaneously. In addition, a variety of organic phosphates with P-N bonds (e.g. 

phosphocreatine, phosphoarginine and phosphohistidine) and several inorganic 

polyphosphates are found in biology.3 

Phosphoesters also possess many technological and practical applications like plasticizers, 

reagents in the preparation of organophosphorous polymers, chelating agents for extraction of 

heavy metals (cations), insecticides, pesticides, and even toxic compounds used as warfare 

weapons.4 Sarin gas is a representative example of toxic phosphoesters developed by German 

scientists in the 1930’s as an attempt for improvement of pesticides. However, due to its high 

nerve toxicity, Sarin and similar compounds, Tabun and Soman, were incorporated into artillery 

shells. Although, Germany did not use them against Allied targets in World War II. Many claims 

that the Nazis thought it was too extreme to be used. 

Not surprisingly organophosphate pesticides are among important causes of severe toxicity 

and death from acute poisoning worldwide, representing more than 200,000 deaths/year in 

emergent countries.5,6 Therefore, accumulation of organophosphate pesticides in the 

environment is an important public health problem. Although, products from hydrolysis of these 

compounds are usually less harmful for humans and other mammalians. 

Due to the biological importance and health implications of phosphoesters, great efforts 

were made in the past decades to understand its reactivity (conditions, aspects, mechanism, 

etc.) and roles in chemistry and biology. Several studies were driven to develop efficient 

materials to hydrolyze phosphoester bonds either through homogeneous or heterogeneous 

conditions.7,8 Herein, the development of heterogeneous systems with high catalytic activity and 

easy recover was envisaged by us and others.4,9 The Mobil Composition of matter No. 41 (MCM-
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41) is a porous silicate that enlists all properties above and was selected for this work.10,11 We 

anticipate that our results show that this material has good catalytic properties by itself, which 

were improved by functionalization of the surface silanols with organic ligands and coordination 

with lanthanide ions. Our interest in these metals is supported by the fact that lanthanide ions 

have shown excellent catalytic efficiency in nucleophilic substitutions and hydrolytic reactions 

of phosphoesters,12,13 either as free cations or associated with nucleophilic species resulting in 

synergic effects in the hydrolysis rate.12,14 Finally, it is important to mention that these new 

lanthanide based silica materials were developed to circumvent the formation of insoluble 

lanthanide hydroxides that show lower catalytic capacities in relation to free ions.  

1.1 Motivation and Goals 
 

Porous silica materials (PSiM) are versatile for applications in different fields. The inner 

characteristics of the surface can be modified by functionalization with organic groups, which 

may be adorned with lanthanides. This work evaluates the effect of two different functional 

groups (amine and carboxyl) on the physical and chemical properties of the material before and 

after incorporation of lanthanide ions. These ions were added to the surface in order to increase 

its Lewis acid capacity for catalytic purposes. Hydrolysis of phosphodiesters was subject to 

catalysis by the porous silica materials, because these reactions show many biological and 

environmental implications. Understanding the chemical factors that affect the catalytic activity 

of the porous silica material is one of the major motivations of this work, which is particularly 

interesting due to the lack of understanding about the physical and chemical factors that 

modulate catalysis in materials. We also look to understand the effect of chemical modifications 

that may occur in the structure of the catalyst during its use, which may affect its catalytic 

properties in a positive or negative way. 

Therefore, the main goal of this doctoral thesis was to understand the effect of porous silica 

materials as-synthesized or functionalized to catalysis of phosphodiester hydrolysis. We look to 

establish new relationships between the physical-chemical properties of the material and its 

effect on catalysis. These are the specific goals: 

I. Synthesis of porous silica material functionalized with amine and carboxyl groups to be 

adorned with lanthanide ions (La3+, Eu3+, and Ho3+); 

II. Characterize the physical and chemical properties of the synthetized materials by 

different analytical techniques; 
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III. Evaluation of the catalytic effects of PSiM, PSiM-NH2, PSiM-NH2La, PSiM-COOH, PSiM-

COOLa, PSiM-COOEu and PSiM-COOHo on the hydrolysis of bis(2,4-

dinitrophenyl)phosphate (BDNPP) in aqueous solution at different pHs at 25°C; 

IV. Evaluation of structural parameters on catalysis; 

V. Analysis of different factors that modulate the catalytic properties of the material, such 

as: previous activation and inner stability of the material, functionalization, nature of 

the lanthanide ion; 

VI. Develop of a mathematical model to fit the kinetic profile for the hydrolysis reaction; 

VII. Contribute with new observations for the available literature devoted to the 

development of new catalysts and their ideal conditions of use. 

1.2 Literature review 

1.2.1 Chemistry of phosphoesters 
 

Phosphoric acid can be derivatized to give three different types of phosphate esters 

(Scheme 1.1), mono-, di- and tri- substituted. Mono and di-phosphoesters possess hydroxyl 

groups that confer functionalities and properties of monoprotic and diprotic acids, which may 

afford species with different reactivities according to the pH.15 

 

Scheme 1. 1. Phosphoric acid and corresponding ester structures (Mono, di and tri). 

These compounds have many applications in chemistry as plasticizers, metal chelates, 

flame retardants, and pesticides, with also important implications in biology. 

Phosphomonoesters and phosphodiester are ubiquitous living systems. Phosphomonoesters 

play important roles in the control of the biological activity, while phosphodiesters form DNA 

and RNA backbones (Figure 1.1). The stability of this bond is remarkable. Hydrolysis of 

dialkylphosphate esters DNA models under physiological conditions exhibit an estimated half-

life time of about 30 million years. Even for RNA type esters, which the 2’-hydroxyl group offers 

an intramolecular nucleophile and a faster phosphodiester bond cleavage, the half-life time is 

over 100 years. Many studies have been made to understand the mechanism of these reactions 

under spontaneous and catalyzed conditions.16,17 Several of such studies rely on enzymes 

responsible to hydrolyze the phosphoester bond. Mechanisms and strategies for P-O bond 

cleavage will be presented in the next sections. 
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Figure 1. 1. DNA and RNA structures depicting the phosphodiester bond in their backbones. 

 

1.2.1.1 Mechanism of phosphate ester hydrolysis 
 

Enzyme catalyzed reactions of phosphoesters always occur with P-O cleavage, but in water, 

depending on the conditions, the hydrolysis may involve P-O or C-O cleavages. Several reviews 

are available on the mechanism for the nucleophilic substitution in phosphoester.18,19,20,21 Given 

its tetrahedral structure (Scheme 1.1 and 1.2), phosphoesters undergoes nucleophilic attack in 

the phosphorus atom similarly to observed for SN1 or SN2 in substituted carbon atoms. 

Nevertheless, because phosphorus has the ability to form five bonds, reactions occur with 

variations regard the nucleophilic substitution known as: associative “SN2” or dissociative “SN1” 

(Scheme 1.2). The dissociative mechanism (Scheme 1.2B) appears in response to earlier 

observations for the hydrolysis of the monoanion-monoacid form of methyl phosphate. This 

reaction shows small entropies of activation, lack of dependence in relation to the concentration 

and strength of different nucleophiles, and a steep linear Brфnsted relationship for free energies 

of activation for the hydrolysis reaction of substituted esters as a function of the conjugate acid´s 

pKa of the corresponding leaving group. These observations suggested a dissociative 

mechanism.18,22,23 The associative mechanism involves pentacoordinate intermediates or 

transition states (Scheme 1.2A) and a strong rate dependence on the strength of the 
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nucleophile. In summary, the dissociative mechanism proceeds via a hydrated metaphosphate 

ion, while an associative mechanism involves the formation of a pentacoordinated phosphorus 

atom. 

 

Scheme 1. 2. Associative (A) and dissociative (B) mechanisms for the nucleophilic substitution in phosphoester. 

Besides the two mechanistic possibilities above, the comprehension of phosphoesters 

hydrolysis is complicated because may involve neutral or monoanionic or dianionic species, that 

can be attacked by H2O or –OH nucleophiles. In these cases, the role of charged species can be 

differentiated in studies over the pH, which the reaction rates are sensitive to the species 

distribution. Although, one should consider that kinetic studies cannot easily confront some 

simple hypotheses at first glance. For example, often the nucleophilic attack of a water molecule 

in a phosphoester is undistinguishable from a proton transfer from H2O prior the nucleophilic 

attack of a hydroxide ion. 

1.2.1.2 Role of the metal ions on the hydrolysis of the phosphoester bond 
 

The field of metal-catalysis has experienced great development in the past decades, thanks 

majorly to the ability to emulate enzymatic systems.24,25 In the case of phosphoester cleavage it 

is often found that the enzymes involved in their cleavage contain metal ions. For instance, P1 

nuclease contains a trimeric zinc center, other nucleases contain Mg(II), Fe(III) or Zn(II) as 

cofactors.26 The general aspects of how the metal catalyzes the hydrolysis of phosphate ester 

are discussed in many reviews.7,16,17,27,28 The Scheme 1.3 shows the most common types of 

mechanism of catalysis.  
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Scheme 1. 3. Common types of catalytic mechanisms for the hydrolysis of phosphodiesters by metals. 

Mechanism a involves the coordination of the metal to the phosphoryl oxygen, leading to 

Lewis acid electrophilic activation of the substrate, which increases the positive charge of the 

phosphorus atom, and decreases the electrostatic repulsion with the nucleophile. Coordination 

of the leaving group, mechanism b, is equivalent to reduce the basicity of the leaving group (pKa), 

speeding up the reaction. Mechanism c affects the activation of the nucleophile, lowering the 

pKa of its conjugate acid (by metal coordination), increasing the concentration of the nucleophile 

(more active species) in neutral solutions. A special case is when the nucleophile is water, what 

is referred as water activation. For example, some Co(III) complexes lowered the pKa of the 

coordinated water molecules by about 10 pKa units compared to free water molecules.29 These 

three mechanisms can behave in a cooperative way, as showed in mechanism d. Mechanisms a-

d are indistinguishable for kinetically labile metals as lanthanides. Mechanism e and f shows 

possible contributions of the general acid/base assistance,30 which is usually minor for the 

hydrolysis of phosphodiesters.31 

Binuclear complexes (Scheme 1.4) have received special attention because their capacity 

of double activation from combination of the mechanisms shown in Scheme 3. This synergism 

may create more active catalytic complexes. 

 

Scheme 1. 4. Binuclear metal complex activation for hydrolysis of phosphodiesters. 
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Substrate bearing coordinating groups have been used to gather important mechanistic 

information about kinetically labile metal cations. Browne and Bruice32 found that Ni2+, Co2+, and 

Zn2+ catalyze the hydrolysis of bis(8-hydroxyquinoline) phosphate (Scheme 1.5a), whereas the 

hydrolysis of bis(6-hydroxyquinoline) phosphate (Scheme 1.5b) is not affected by these metals, 

showing that the structure of the substrate is important. 

 

Scheme 1. 5. Structures of bis(n-hydroxyquinoline) phosphate, where n=8 (a) and n=6 (b). 

The dependence on the structure can be explained because the metal assists the departure 

of the leaving group by coordination to the nitrogen atom (Scheme 1.6), which is placed in the 

opposite side of the reaction center in bis(6-hydroxyquinoline) phosphate. 

 

Scheme 1. 6. Stabilization of the hydroxyquinolinate leaving group due to the coordination of the metal. 

Another study showed that the same divalent cations (Ni2+, Co2+, and Zn2+), as well as Cu2+ 

and Al3+, form 1:1 complexes with (8-hydroxy-2-quinolyl)methyl(8-hydroxy-2-

quinolyl)methylphosphonate (Scheme 1.7a) without any catalysis. Nevertheless, the use of La3+ 

showed a catalytic effect of ≈1013-fold in the hydrolysis of this compound. Contrary to La3+, the 

absence of catalysis by the other metals relates to their ability to chelate only the quinoline 

groups without cation binding to the phosphoryl oxygen atoms.13 
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Scheme 1. 7. Possible lanthanum ions complexes involved in activation of nucleophile and leaving group in the 

cleavage of (8-hydroxy-2-quinolyl)methyl(8-hydroxy-2-quinolyl)methylphosphonate. 

The hydrolysis rate can be first, second and third order in respect to the metal.13 Structure 

1.7b shows the model proposed to explain the second-order kinetic regime. One cation is bound 

to the leaving group and the other to the phosphoryl group, providing both Lewis acid and 

leaving group activation. The structure 1.7c suggest a role for a third metal, which provides even 

more Lewis acid and nucleophilic activation. 

Systems that mimic biological targets have been widely studied. For example, the 

phosphodiester presented in Scheme 1.8a has been used as model in the metal ion catalytic 

cleavage of RNA.26,33 All the metal tested (Zn2+, Mg2+, Cu2+, and La3+) promoted the 

intramolecular transesterification of the substrate (scheme 1.8b). 

 

Scheme 1. 8. a) Mimetic model of RNA. b) Mechanism proposed for the metal ion catalytic intramolecular 

transesterification by Zn2+. c) Model for lanthanum ion interaction during catalysis.33 

The available literature for the different metal cations show that the highest activities in 

phosphodiesters hydrolysis are observed with hard acids cations like Zr(IV),34 Th(IV), and 

a) b) 

c) 
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Ce(IV),35 which are active for the hydrolysis of quite unreactive substrates.36 This information 

confirm that the electrophilic Lewis assistance is of major importance in the catalytic process. 

However, the main problem with the use of these metals is its strong tendency to form 

aggregates, even under physiological conditions, which precludes their application for 

homogeneous catalysis. 

1.2.1.3 A look at Natural Enzymes 
 

Often enzymes that catalyze the hydrolysis of phosphate esters contain metals ions in their 

active sites,16 and several require the presence of multiple metals. In the field of dinuclear 

metalloenzymes, special attention has been devoted to purple acid phosphatases (PAP's). These 

enzymes catalyze phosphate ester hydrolysis under acidic conditions (optimum pH of 4.9-6.0) 

and resist very well to inhibition. The dinuclear center of these enzymes requires one Fe3+ and 

the other metal is Fe2+ or another M2+metal ion (Figure 1.2). 

 

Figure 1. 2. Model for the dinuclear iron center of mammalian PAP’s. Adapted from Wang et al.37 

There are also many enzymes activated only by one metal cation (e.g. staphylococcal 

nuclease), and the presence of a metal center is not always required for the hydrolysis of 

phosphodiesters bearing β-hydroxyl groups (RNA). However, special attention has been devoted 

to the study of the bimetallic active center of enzymes.28,38 In general, the two metal ions on the 

active center are separated by a distance between 3-4 Å and provide Lewis acid activation to 

both the nucleophile and the leaving group. The metals generally found in the catalytic center 

of enzymes are Zn, Mg, Fe, Mn, Co, and Ni. The Lewis acid metal ability is an important aspect 



10 
 

for catalytic purposes, since metal ions with larger charges and smaller radii are stronger Lewis 

acids.39 

The mechanism of hydrolysis of a phosphomonoester by a bimetallic center (E. coli 5´-

nucletidase) is found in Figure 1.3.40 The metals are separated by 3.5 Å with a bridging water 

molecule or a hydroxyl anion, and the carboxylate group of the aspartic acid. In the proposed 

mechanism, the Zn-1 (blue) attached to water or hydroxide is in the proper position for an attack 

in-line with the departure of the leaving group, while the phosphoryl group coordinated to the 

second metal ion Zn-2 (red) is made electrophilically active. The His117 and Arg410 also help 

this activation using electrostatic interactions. 

 

Figure 1. 3. Proposed catalytic mechanism of 5´-NT showing an in-line transfer of the phosphoryl group of the 

substrate to the nucleophile: (a) Michaelis complex,(b) transition state, and (c) primary product complex.40 

Although the mechanism of action of the enzymes may vary in many ways,41,42,43,44 all seem 

to work under the same principles, activation of both the leaving group and the nucleophile, and 

positioning the nucleophile for the attack on the phosphorus atom. These observations are 

supported by computer modeling studies.45,31 In this context, lanthanides exhibit wonderful 

features for development of artificial enzymes. In the following section the chemistry of these 

metal cations and their use in catalytic applications are addressed in depth. 

1.2.2 Basic concepts about the chemistry of the lanthanide series 
 

Lanthanide metals are obtained primarily from three minerals (Table 1.1):46 Bastnäsite 

LnFCO3, and Monazite (Ln, Th)PO4, richer in lighter lanthanides, and Xenotime (Y, Ln)PO4, richer 

in heavier lanthanides. Monazite is a reddish-brown phosphate material of at least four different 

types depending on the relative elemental composition of the mineral. India, Madagascar, Brazil, 

and South Africa have large deposits of monazite sands. Bastnäsite contains either cerium, 

a) b) c) 
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lanthanum or yttrium as predominant rare earth elements. Bastnäsite and Monazite are the two 

largest sources of cerium, an important industrial metal.47,48 

China's southern provinces respond by more than 70% of the world reserves, mostly in the 

form of ionic ores. These minerals are present in granites eroded with lanthanide adsorbed on 

the surface of aluminum silicates, in Longnan province with lower cerium content and higher 

amounts of heavier lanthanides while deposits in Xunwu province are rich in lighter metals. 

These minerals are made of small particles, which provide an easy way to extract lanthanides. 

Indeed, China is the leading player in the chemistry of lanthanides due to its role in the global 

market and high reserves.46 

Table 1. 1. Typical lanthanide abundance in ores, a Adapted from Cotton.46

 

Lanthanides numerous features that differentiate them from d-block metals. Particularly, 

the reactivity of these elements is higher than observed for transition metals, likewise the Group 

II. Some lanthanide features are summarized below:46 

I. A very wide range of coordination numbers (generally 6–12, although 2, 3 or 4 

are also known). 

II. Coordination geometries are determined by ligand steric factors rather than 

crystal field effects. 

III. They form labile ‘ionic’ complexes that undergo facile ligand exchange. 

IV. The 4f orbitals in the Ln3+ion do not participate directly in bonding because they 

are well shielded by 5s2 and 5p6 orbitals. Their spectroscopic and magnetic properties are 

uninfluenced by the ligand. 

V. They present small crystal-field splitting and very sharp electronic spectra in 

comparison with the d-block metals. 

VI. They prefer anionic ligands with donor atoms of rather high electronegativity 

(e.g. O and F). 

VII. They readily form hydrated complexes, which may cause uncertainty in the 

assignment of coordination numbers. 

VIII. Insoluble hydroxides precipitate at neutral conditions unless coordinating 

agents are present. 
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IX. The oxidation number is +3, although the +2 state is known for Eu and +4 is the 

most common for Ce. 

X. They do not form Ln=O or Ln≡N multiple bonds as known for many transition 

metals and certain actinides. 

XI. Unlike the transition metals, they do not form stable carbonyls and have 

(virtually) no chemistry in the zero-oxidation state.  

Some of these properties make them unique, particularly their strong hard acid character. 

This property gives them more affinity to hard bases, like fluorine and oxygen donor ligands such 

as H2O and –OH, which are good nucleophiles for hard electrophiles as phosphorus. In addition, 

lanthanide cations suffer poor influence of ligands and complex stability is mainly due to 

electrostatic interactions, high coordination numbers and capacity of ligand exchange with the 

medium. These features are important for catalytic applications as those presented earlier and 

detailed in the next section. 

However, it is important to observe limitations for the lanthanide chemistry in aqueous 

solution, which even under physiological conditions can form insoluble hydroxide complexes. 

Thus, many studies have been carried out about the complexation and stabilization of the Ln3+ 

by different ligands in aqueous solutions.49,50 

1.2.2.1 Use of lanthanide complex in the hydrolysis of phosphate esters 
 

As shown before in Scheme 1.8, different metals have the capacity to hydrolyze the 

phosphodiester bond in the mimetic model of RNA.33 However, La3+ is the only metal that can 

interact simultaneously with both oxygen atoms of the O=P-O- moiety and with the oxygen of 

the leaving group due to the greater La-O bond length and the lack of directionality in La3+ 

binding (Scheme 1.8c). The authors claimed that an important aspect is the flexibility of the 

coordination sphere of the lanthanides that allows it to bind strongly well to the phosphate 

moiety at the ground and at the transition states.33 

The total charge of the cation and the ability to polarize the P-O bond are important factors 

in reactions promoted by metals. Lanthanide ions present the advantage of a high charge/radius 

relationship and coordination numbers.51 The phosphodiester cleavage of RNA models (Scheme 

1.8, p. 9)33 are accelerated by Zn2+ and La3+. However, La3+ is 104-fold more efficient than Zn2+. 

Figure 1.4 shows the structure for the complexes formed between Zn2+ and La3+ with the 

substrate. Modeling studies for substrate-metal complex revealed that the interaction is more 

favored between the negative charges of the phosphoryl oxygen atoms and the La3+ bound to 
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the 8-hydroxyquinoline moiety.26 The association constant was determined kinetically and is 

102-fold lower for the lanthanide complex, showing that the rate enhancement of the La3+ 

complex is due to its Lewis acid properties. This study also supports that the catalytic capacity 

of the lanthanide cation depends on its interaction with phosphate and leaving group oxygens 

in the transition state, which facilitates the bond breaking with the leaving group.26 

 

Figure 1. 4. Modeling of the tetrahedral Zn2+ complex showing the metal interaction with the oxygen of the (PO2
-) 

moiety during the in-line attack by the ribose 2′-oxygen on the phosphorus atom. Modeling of the La3+ complex 

that due to the length of the bonds and the lack of geometrical constraints is capable of complexing with both 

(PO2
-) oxygens as well as to both ground state and the incipient phenoxide in the transition state. Adapted from 

Blaskó and Bruice.26 

Lanthanide ions are remarkably effective catalysts for the hydrolytic cleavage of phosphate 

ester bonds, including the strong bonds in DNA.25 But, their use require the formation of 

thermodynamically and even kinetically stable complex. Although free ions are catalytically 

effective, proper ligands must be used to coordinate lanthanides in the hydrolysis of phosphate 

esters. These ligands are important to stabilize the metal in solution to avoid loss of catalytic 

efficiency caused by its precipitation. The coordination properties of lanthanide cations are 

discussed in several reviews.52,53,54 

In water, the free aquo lanthanides(III) are relatively weak catalysts.12 Numerous data show 

that cleavage of phosphodiester bonds occurs through the concerted action of a metal cation 

and a nucleophile, -OH or RO-. Therefore, low activities of lanthanide aquo cations most likely 

result from low concentration of -OH or active metal hydroxo complexes in neutral solutions. 

Indeed, higher activities were reported for systems involving hydroxide or alkoxide 

lanthanide(III) complexes.55,56,57 Significant progress in the development of catalytic systems for 

the hydrolysis of phosphodiester bonds has been achieved. These studies show that not only 

the charge ratio of the metal is important for the activity, but also the basicity of the metal-
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bound hydroxide ion. In the same direction, comparing the reactivities of individual 

mononuclear hydroxo complexes shows rather small variation for different lanthanides.12 

Numerous sophisticated macrocyclic ligands, including calixarenes,58 and the family of 

simple amino alcohol derivatives of tris(hydroxymethyl)aminomethane (Tris) (Figure 1.5), have 

been employed as lanthanide ligands in aqueous solutions. Tris was successfully used for 

stabilization of Zr(IV),59 and bis-Tris formed hydrolytically active complexes with La(III).60 High 

hydrolytic activity has been reported for complexes between lanthanide(III) and bis-tris propane 

(BTP) in weakly basic solutions.61,62 These reports show that lanthanide cations can be used 

under slightly basic conditions without apparent precipitation. However, the BTP system differs 

from other lanthanide-based systems in several aspects. First, the reaction kinetics for 

phosphate diester cleavage follows a first-order profile regard to the metal without any 

"saturation" as observed with other lanthanide-based systems. Second, pH-rate profile for these 

reactions are very steep, indicating deprotonation of at least two coordinated water molecules 

to afford catalytically active complexes.12 For such reasons, BTP has been widely used for several 

kinetic studies.49,63 

 

Figure 1. 5. Structures of tris-(hydroxymethyl)aminomethane (Tris) derivatives commonly used in the formation of 

stable complexes with lanthanide ions. 

 

1.2.2.2 Effect of the Ln3+ complexes in the presence of nucleophilic species for 

cleavage of phosphate esters 
 

It is known since the early 1950’s that lanthanide ions associated with hydroxide ions can 

catalyze nucleophilic substitutions in phosphate esters.64 These metals not only act like "free" 

cations, they can create catalytically active oligomeric complexes.55 Synergic effect has been also 

reported in the hydrolysis of phosphate esters when the La3+ is associated with nucleophilic 

species like hydrogen peroxide.65,66 It was found that, in the presence of hydrogen peroxide, the 
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catalytic activity is 104-fold higher than with La3+ alone.66 The reason implicated for this boost 

was cooperative interactions between the cation and H2O2 by forming active catalytic species as 

those shown in Scheme 1.9. 

 

Scheme 1. 9. Formation of active catalytic complex between La3+ and H2O2. 

These binuclear complexes (Schemes 1.9 and 1.10) form bridged bonds with the phosphate 

ester (Scheme 1.10a). The bound peroxide anion can act as an intramolecular base (Scheme 

1.10b) or as an intramolecular nucleophile affording peroxiphosphate (Scheme 1.10c). These 

observations have led to numerous studies who attempted to find the best synergistic system 

for the hydrolysis of phosphate esters.55,57,65 

 

Scheme 1. 10. Mechanistic possibilities for the role of lanthanide peroxide complexes in the hydrolysis of phosphate 

esters. 

No doubt that homogeneous catalysis is efficient and convenient, but recovery of the 

catalyst and incorporation into a recycling or continuous flow process is a difficult task. These 

difficulties can be overcome by immobilizing the catalytic centers on the surface of different 

matrices. Although, used for many types of applications, heterogeneous catalysis has not been 

widely applied to hydrolytic processes. Nevertheless, recent investigations demonstrated the 

efficacy in such cases.9 
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1.2.3 Heterogeneous catalysis in the hydrolysis of phosphate esters 
 

The previous section provided a view of the strong capacity of lanthanide cations to catalyze 

the hydrolysis of phosphoesters in a homogeneous medium. Reports on efficient phosphate 

ester hydrolysis by metal centers built in silica based matrices and organic polymers show the 

potential applications of heterogeneous catalysts.67,68,69,70 The focus has been the d-metal block, 

mainly Cu2+, Zn2+, and Fe3+, which have been supported in solid matrices. A Cu2+polymer system 

presented good activities for phosphate ester hydrolysis, Hanafy et al.70 reported an increase in 

the reaction rate of about 75,000-fold relative to the uncatalyzed hydrolysis of the bis(p-

nitrophenyl)phosphate (BNPP) at pH 8.0 and 25 °C. Their complex was able to continuously 

catalyze the BNPP hydrolysis with considerable activities after eight reuses.  

Other metals, Zr(IV), Ce(III), and Ce(IV), have also been coordinated to polymers, exhibiting 

good activity for phosphodiester bond cleavage.69,71,72 For instance, Zr(IV) complexes exhibited 

activity for the methanolysis and hydrolysis of Paraoxon (Scheme 1.11). This compound is a 

potent acetylcholinesterase inhibitor, about 70% as potent as the nerve agent Sarin. The catalyst 

was successfully recovered by filtration, and no activity was observed in the supernatant, 

demonstrating that the catalysis is heterogeneous and the active metal is not leached.71 

 

Scheme 1. 11. Methanolysis(a) and hydrolysis (b) of both methyl paraoxon (R=CH3) and PNPDPP (R=phenyl) in the 

presence of UIO-66 (Metal organic framework made up with Zr(IV)). Adapted from Katzet al.71 

Zhang et al.8 reported the use of chitosan, a linear polysaccharide composed of randomly 

distributed β-(1,4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine 

(acetylated unit) as support for a series of metals. The chitosan-metal complexes were used for 

the degradation of four organophosphorous pesticides. They observe that the catalytic activity 

depends on the ability of the target molecule to diffuse through the support and also on the 
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strength of the Lewis acid character of the metal. The best results were found when low 

molecular weight chitosan and Fe3+ were employed. 

As one of many approaches to develop new useful catalysts, the immobilization of metal 

complexes onto the surface of insoluble solid matrices is an important tool to promote efficiency 

and selectivity. In this regard silica-based materials have presented interesting properties for 

the hydrolysis of phosphoester bonds.9,67 The surface hydroxyl groups can be functionalized with 

organic ligands to coordinate the metal or a metal complex, creating the catalytic center. 

Bodsgard et al.67 found that a bound organocopper (II) complex presented good activity for the 

hydrolysis of bis(4-nitrophenyl)phosphate (BNPP) (Scheme 1.12). An interesting observation of 

this work was the presence of an induction period in which no substantial hydrolysis was 

observed. This induction period was only poorly explored, being related to solvation of the solid 

surface. 

 

Scheme 1. 12. Stages to generate the active Cu(II) complex supported on regular silica: i, [RhCl(PPh3)3], toluene, 

reflux, 3 days; ii, C2H4, [RhCl(PPh3)3], toluene, 25 °C, 15 h; iii, Cu(NO3)2 (aq). Adapted from Bodsgardet al.67 

In this work, we propose the use of MCM-41, which possess high surface area that may 

facilitate the encounter of the substrate and the catalyst. Below we focus on the characteristics 

and uses of this material. 

1.2.4 Mesoporous molecular sieves MCM-41 
 

Since its discovery in 1992,10 MCM-41 has become a popular member of the M41S family 

of mesoporous silicate and aluminosilicate materials. The most interesting characteristic of 

MCM-41 is its regular pore system with hexagonal array of one-dimensional shaped pores 

(Figure 1.6). The pore diameter varies from 2 to 10 nm, overall showing high surface up to 1500 

m2 g−1 and specific pore volume up to 1.3 mL g−1. 
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1.2.4.1 Synthesis of MCM-41 
 

In general, mesosilica assembly involves the addition of a silicate source to an aqueous 

surfactant solution. Hydrolysis and condensation lead to a silica framework, which builds around 

the surfactant micelles. Two mechanisms were originally presented to describe mesosilica 

formation.10 The first mechanistic model described the addition of silicate agents to 

cetyltrimethylammonium bromide (CTAB) micelles, which polymerize around the previously 

formed micelles (Figure 1.6a). The second model proposed that addition of silicate to an 

aqueous CTAB solution induced ordering of silicate-encased surfactant micelles simultaneously, 

that is, micelle formation required the presence of silicate (Figure 1.6b). After polymerization, 

the mesosilica becomes porous by removing the surfactant template by solvent extraction, 

calcination or microwave digestion. Although, CTAB (a C-16 surfactant) is the most used 

surfactant, Beck10 and others have used surfactants with shorter hydrophobic tails (C-14, C-12, 

C-8) leading to the production of MCM-41 with shorter mesopores (Figure 1.7) which correlate 

directly with the size of the micelles; smaller micelles are made of surfactant cations(CTA+) with 

shorter hydrophobic tails. 

 

Figure 1. 6. Representation of the mechanism proposed by Beck et al.10 Image adapted from Gibson.73 

 

Figure 1. 7. TEM images of MCM-41 showing pore size of the materials made with (a) C-8 surfactant or (b) C-16 

surfactant. Adapted from Beck et al.10 
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Later Monnier et al.74 advocated that the original mechanistic models were insufficient to 

establish an understanding of MCM-41 formation. It was observed that mesosilica forms under 

conditions that would not normally support silica condensation (high pH, low silica and CTA+ 

concentration) and that precipitation is observed immediately on addition of the silicate to the 

surfactant (C-8 to C-20) solution. Basically, three factors were crucial to mesosilica formation: (i) 

multidentate binding of silicate oligomers; (ii) preferred polymerization of silicates at the 

surfactant-silicate interface; and, (iii) charge density matching across the interface. 

Due to its regular structure and pore shape MCM-41 has attracted considerable interest as 

a material for a broad range of applications in catalysis, sorption, molecular recognition, 

electronics, and photochemistry. Some examples are seen in Figure 1.8. 

 

 

Figure 1. 8. Possible applications of MCM-41: drug delivery system,75,76 humidity sensors,77 and enzyme 

immobilization.78 

1.2.4.2 Characterization of MCM-41 
 

Many different techniques are usually applied to determine the composition, morphology 

and properties of heterogeneous materials. 

X-ray crystallography is used for determining the atomic and molecular structure of a crystal 

(or a crystalline material), in which the crystal atoms planes cause a beam of incident X-rays to 

diffract into many specific directions. Each crystalline material has characteristic X-ray diffraction 

patterns and parameters, which affords the electron density of atoms in the unit cell and also 

provides information about the existence of co-crystals, purity and crystallinity. However, the 

concept of crystallinity cannot be used for MCM-41 type materials, which have walls made of 
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amorphous silica. This is observed by the absence of diffraction at high angles. However, the 

ordered hexagonal network, where one pore is surrounded by six others (Figure 1.9a), generates 

the characteristic reflections of the MCM-41 at small angles (Figure 1.9b). 

 

Figure 1. 9. a) TEM image of the honeycomb structure of MCM-41 and a schematic representation of the hexagonal 

shaped one-dimensional pores. b) Typical XRD pattern of MCM-41 with Miller indices of the diffraction planes. 

Inset: enlargement of the XRD pattern. The corresponding d-spacings: (100) = 3.90 nm, (110) = 2.26 nm, (200) = 1.95 

nm, and (210) = 1.48 nm. Adapted from Meynen et al.79 

The X-ray diffraction provides quick information about the degree of organization of the 

material and physical characteristics. Application of the Bragg's law (nλ=2dsenθ) provides the 

distance between planes d100 (Figure 1.9a), which can be used to calculate the parameter 

network (ao) = 2d100/√3 and the wall thickness (Wt); the late one by subtracting the pore 

diameter (Dp, calculated by the BJH method, mentioned later) from the network parameter (ao). 

The textural characterization of porous solids (volume, size and geometry) can be carried 

out by adsorbing molecules probes, like N2, Ar, CO2 or He. Liquid N2 is the most used for 

mesoporous materials. The N2 adsorption isotherms measure the specific area related to micro, 

meso and macroporosity. Porous materials are often characterized in terms of pore sizes derived 

from gas sorption data. IUPAC conventions have been proposed for classifying pore sizes and 

gas sorption isotherms that reflect the relationship between porosity and sorption (Figure 1.10). 

There are six types of isotherm, which are typical of adsorbents showing microporous (type I), 

nonporous or macroporous (types II, III, and VI), or mesoporous (types IV and V) structures.80,81,82 
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Figure 1. 10. The IUPAC classification of adsorption isotherms showing both the adsorption and desorption 

pathways.82 

Figure 1.11 shows a typical adsorption isotherm for MCM-41. The isotherm is type IV, 

characteristic of a mesoporous material with multilayer absorption cycles. The surface area for 

this material was 1180 m2 g-1.83 

 

Figure 1. 11. Nitrogen sorption isotherm for MCM-41. Adapted from Zhao and Lu.83  
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The isotherm in Figure 1.11 can be split into five regions. Region I, nitrogen molecules are 

adsorbed on the surface of MCM-41. Region II, formation of the monolayer, in this point the 

specific area can be calculated by the equation BET = nmA, where nm and A are the number of 

molecules absorbed in the monolayer and the cross-sectional area of the nitrogen gas molecule. 

Region III, where over the monolayer multiple layers are adsorbed. Region IV, where occurs a 

sudden increase of the quantity of nitrogen absorbed, called the capillary condensation zone, 

indicates when the pores are filled. Region V, the pore is saturated, and a small amount is 

adsorbed onto the walls. Using the volume adsorbed at the relative pressure p/po ≈ 0.95-0.99 

the total pore volume Vtotal = 1.54x10-3 Vads can be calculated. 

The hysteresis, phenomena resulting from the difference between the mechanisms of 

condensation and evaporation, is also an important feature that gives information about the 

geometry of the pore. MCM-41 has a type H3 hysteresis loop at relative pressures of 0.42, which 

indicates capillary condensation of nitrogen within interparticles and/or some impurity phases, 

such as lamellar mesostructures often generated by liquid-templating synthesis. The mesopore 

size distribution or pore diameter can be calculated using the BJH method,84 by assuming that 

all pores have cylindrical shape. This method is based on the Kelvin equation, which predicts the 

formation of liquid nitrogen in the capillary condensation stage. 

Microscopy is another group of techniques largely used for material characterization. An 

electron microscope is an equipment that uses a beam of accelerated electrons as a source of 

illumination. Two technique are routinely applied in the material chemistry, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) (Figure 1.12). The scanning 

electron microscope (SEM) uses a focused beam of high-energy electrons to generate a variety 

of signals at the surface of solid specimens. The signals that derive from electron-sample 

interactions reveal information about the analyzed material including external morphology 

(texture), chemical composition, and crystalline structure and orientation. Figure 1.12a depicts 

SEM images used to determine size and morphology of a modified MCM-41.85 The particle size 

of the sample ranges from 400 to 1100 nm with an average size of 580 nm. It is clearly visible 

that most particles are almost perfectly spherical with some agglomeration.  

The transmission electron microscopy (TEM) uses a beam of electrons transmitted through 

an ultra-thin specimen, that interacts with it. TEM is a very powerful tool for material science, 

the interactions between the electrons and the atoms can be used to observe the crystal 

structure, besides dislocations and grain boundaries. TEM images can also be used to study the 

growth of layers, their composition and defects, pore size and wall thickness of the porous 

materials. Figures 1.12 b to d show TEM images where is seen a hexagonal symmetry of the 

pores in the MCM-41, like a beehive. 
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Figure 1. 12. a) Scanning electron micrograph of MCM-41 spheres prepared with n-hexadecylpyridinium chloride. 

Adapted from Grün et al.85 b), c), d) Transmission electron microscopy images of the MCM-41 mesoporous silica. 

Adapted from Pasqua et al.86 

Thermal analysis fulfills the group of basic techniques used for material characterization. 

Thermo-gravimetric analysis (TGA) is a technique in which the mass change of the sample is 

measured as a function of temperature. Uncalcinated MCM-41 have three characteristic 

regions: 25-135 °C, where the water molecules are desorbed; 135-345 °C, when the surfactant 

decomposes; and at higher temperatures for the mass loss due to dehydration of adjacent 

silanol groups.87 These events are commonly followed with two other analyses, Differential 

Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC), which provide similar 

information. DSC and DTA analyses measure the amount of energy absorbed or released by a 

sample when it is heated or cooled, providing quantitative and qualitative data on endothermic 

(heat absorption) and exothermic (heat evolution) processes. This allows the characterization of 

phase transitions and the study of order-disorder transitions and chemical reactions that can 

occur on the silica material when heated in the presence of different atmospheres (generally N2 

or synthetic air). 

Depending on the MCM-41 application, many other characterization techniques can be 

used to describe its physical-chemical nature. The SiOH groups on the MCM-41 surface have 

been qualitatively and quantitatively determined by solid state 29Si nuclear magnetic resonance 

with magic-angle spinning and cross polarization (29Si CP/MAS NMR), thermogravimetric 

analysis, Fourier transformed infrared (FTIR) spectroscopy, and temperature-programmed 

desorption (TPD) of pyridine, among others.83 For instance, the 29Si solid state NMR is especially 
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useful to characterize silanol populations formed after a postgrafting functionalization. For 

example Zhao and Lu83 reported that only a particular type of silanol groups are susceptible to 

modification with trimethylsilyl (TMS) groups (Figure 1.13). 

 

Figure 1. 13. 29Si CP/MAS NMR spectra for template-extracted Si- MCM-41 (A), partially silylated Si-MCM-41 with 

a 43% coverage (B), and fully silylated MCM-41 (C). Adapted from Zhao and Lu83 

The 29Si CP/MAS NMR spectra for MCM-41 samples show characteristic profiles. 83 Three 

resonances signals at -110, -101, and -92 ppm assign the silicon sites Q4, *Si(OSi)4 (a), Q3, 

HO*Si(OSi)3 (b), and Q2, (HO)2*Si(OSi)2 (c), respectively. The Q3 sites are associated with isolated 

SiOH groups (i.e., free and hydrogen-bonded), while the Q2 sites correspond to geminal silanols. 

The modified samples (Figure 1.13 B and C) show a sharp peak at 14 ppm, ascribed to the 

attached silicon sites in trimethylsilyl group (TMS) groups (d). The intensity of the Q4 silicons (a 

+ a′) is greater than prior functionalization, which reorganized the silicon sites at the expense of 

Q3 silicons. The Q2 sites for both modified MCM-41 samples are not observed in the 29Si CP/MAS 

NMR spectra, demonstrating that geminal silanols form active sites for silylation.  

1.2.4.3 Functionalization of MCM-41 
 

Optimization of silica functionalization is a field of intense research because its numerous 

applications and functionalization possibilities, which apart from their high porosity, can be 

tuned in a nearly unlimited fashion. Among applications, the SiOH groups in MCM-41 have been 

modified for use in catalysis,88 adsorption,83 and novel composites.89 Mobil Oil Corporation has 

patented a sorption separation process using modified MCM-41 for purification of water. Feng 
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et al.90 reported a thioalkylated functionalized mesoporous adsorbent for removal of mercury 

from wastewater (Figure 1.14). 

 

Figure 1. 14. Thioalkylated MCM-41 for mercury removal from wastewater. A) Close-packed material at 75% surface 

coverage and B) containing mercury. Adapted from Feng et al.90 

Modifications have made MCM-41 more biocompatible with biological media. Williams et 

al.89 reported the synthesis of a modified MCM-41 for delivery of high amounts of drugs. The 

general biocompatibility of the modified MCM-41 has been proved in various studies. In the field 

of catalysis, functionalization has been routinely used. Studies have shown that modified 

MCM-41 can be used for enantioselective synthesis91 and C-C coupling of quite unreactive 

molecules.92 These are just two examples of many applications of functionalized MCM-41 in fine 

chemistry.  

1.2.4.4 Stability of MCM-41 
 

Thermal and hydrothermal stabilities of silicates have been extensively debated. Pure-silica 

and aluminosilicate MCM-41 have been shown to be stable at as high as 1100 K in the presence 

of water steam.93 However, mesoporous MCM-41 disintegrate readily in distilled water around 

370 K whereas stable in 100% steam at 800 K.94 In general, MCM-41 family materials or any 

other porous silica material undergo structural changes in aqueous systems. This characteristic 

makes them attractive to some uses like the medical field, since the human body may discharge 

silicon particles from the body without major issues.95 The rapid dissolution of mesoporous silica 

nanoparticles (MSNs) in biological media96 is vital for their biomedical applications since most 

FDA-approved drugs require “the complete clearance of all injected contrast agents in a 

relatively short period of time.”97 

The stability of porous silicates can be improved with the incorporation of organic groups 

on the surface, combining the properties of organic and inorganic building blocks in the 

material.98 The nature of the organic group can control many properties, such as adsorption, ion 

exchange, hydrophobicity, thermal stability, host-guest interactions, among others.86 For 

example, Ray et al. post grafted carboxyl functionalized organosilanes (Figure 1.15) to get 

uniform spherical silica nanoparticles.99 This material was used for the synthesis of pyrrolo[2,3,4-

kl]acridones, presenting good catalytic activities even after exposure to ambient atmosphere for 

20 days. The aged catalyst was used for at least six times with good efficiency. 
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Figure 1. 15. Preparation of surface carboxyl functionalized MSNs. Adapted from Ray et al.99 

The incorporation of inorganic atoms or molecules into the mesoporous silica structure can 

also tune the dissolution rate.96 For instance, zirconium doping was found to virtually stop the 

dissolution rate of silica,100 while the use of calcium,101 manganese, or iron102,103 ion/oxide 

doping had the opposite effect. The degradation kinetics also depends on the pH and presence 

of proteins or glutathione (GSH).95 One example of biodegradable iron-oxide@silica 

nanocomposites was reported by Omar et al.104 The particle had a unique cavity-like 

mesostructure with large pores containing iron oxide crystalline nanophases that remained 

intact in water for 3 days. Nevertheless, exposition by the same period in fetal bovine serum 

(FBS) degraded the particles to sub-10 nm pieces as shown by TEM (Figure 1.16). 

 

Figure 1. 16. Representation of the degradability of large-pore silica-iron oxide NPs in water and in FBS (a). TEM 
images of the nanovectors before (b) and after three days of dispersion in water (c) or in FBS. Adapted from Omar 
et al.103 
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1.2.5 Physical Chemistry and Chemical Physics of Mesoporous Silica  
 

According to the American Chemical Society, physical chemistry is devoted to the study of 

how matter behaves on a molecular and atomic level and how chemical reactions occur,105 while 

chemical physics is concerned with the application of the concepts and theories of physics to 

the analysis of chemical systems and its physical behavior. Both aspects are relevant for 

heterogeneous systems, because interactions of the materials with the medium (or species 

in the reaction solution) can generate changes in their structure and to the parameters that 

control the diffusion and adsorption of liquids and substrates in the material. This is 

particularly important because the overall rate of a reaction may be limited by the rate of 

mass transfer of reactants between the bulk fluid and the catalytic surface,106 which may 

even affect the catalytic activity.78,107,108 In such cases, the effectiveness of the catalyst does 

not depend on improvement of chemical activity but rather depends on providing a better 

diffusion for the substrate in the solid matrix.108 This aspect is one of the main problems when 

scaling chemical reactions to industrial level. 

It is important to observe though that diffusion or adsorption of species on mesoporous 

silica not only depends on its the physical characteristics (size, porosity, and texture) but also 

on the chemical interactions with the target molecule. Next pages address the factors that 

control the diffusion of molecules on the mesoporous silica structure.  

1.2.5.1 Factors that affect the mobility of molecules in a mesoporous silica 

aqueous system 
 

Diffusion is the spontaneous intermingling of atoms or molecules by random thermal 

motion. It gives rise to motion of species relative to motion of the mixture. In the absence of 

other gradients (such as temperature, electric potential, or gravitational potential), 

molecules of a given species in a single phase will always diffuse from regions of higher 

concentrations to regions of lower concentrations. This gradient results in a molar change of 

the species (e.g., A), WA (moles/area x time), in the direction of the concentration gradient. 

The flux of A, WA, is relative to a fixed coordinate and is a vector quantity with typical units 

of mol/m2 x s.106  

On industrial reactors this transport can be modulated (e. g. the use of pumps) to 

facilitate the transport. The use of lubricants can also be used to reduce friction between 

surfaces in mutual contact. It may also have the function of transmitting forces, transporting 

foreign particles, or heating or cooling the surfaces.  

https://en.wikipedia.org/wiki/Friction
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Several reports look to understand the behavior of water into different silicon 

channels.109,110,111,112 Asay and Kim112 reported the formation of three layers of water on the 

surface of silicon oxide (Figure 1.17). The only one that facilitates the transport is the liquid 

water, which is extremely limited in nano, micro or mesoporous silica structures.109,110,111 In any 

case, deprotanation of surface silanols can change the diffusion and the structure of the 

confined fluid which is likely to modify substantially the transport properties of electrolytes 

solutions 110  

The importance of confinement provided by the porous channels has been addressed by 

Ohkubo et al.111 They observe that “confined water within artificial silicate materials, such as 

ordered silicates and synthetic clay minerals, is attractive for chemical engineering applications. 

In such confined spaces, water properties including its structure, melting point, and mobility 

differ significantly from those of bulk water.” Because silica can react with water,96,113 the effects 

of water confinement gets more spurious because silicate released into solution may form a 

network,114 that affects the chemical and physical characteristics of the base material. These 

changes or/and the formation of a phase that expedite the diffusion can generate more active 

species on catalytic applications, this observation is commonly reported as induction time, after 

which catalytic activities increase.115,116  

 

Figure 1. 17. Representation of the structural evolution of water molecules as the adsorbed layer thickness rises 

with relative humidity (RH). The icelike structure grows up to 3 molecular layers thick as RH increases from 0 to 

30%. In the RH range from 30 to 60%, the icelike structure continues to grow while liquid structure begins to form. 

In this transitional RH region, approximately one molecular layer grows. Further increase in the RH above 60% 

causes water to adsorb in the liquid configuration (--- hydrogen bonds, ─; covalent bonds). Adapted from Asay and 

Kim.112 
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1.2.5.2 Physical chemical aspects that modulated the structural changes on silica 

in aqueous medium 
 

The stability of the framework depends on the chemical nature of the bonds that form the 

silica material. Figure 1.18 shows the general mechanism for the degradation of silica 

nanoparticles in aqueous medium. The general mechanism consists of three stages. The first one 

corresponds to the hydration of the material and the other two are related to hydrolysis 

processes (Figure 1.18). These two stages can be modulated by acid or basic conditions, just as 

the formation of the structure is also controlled by the pH.117,118 

 

Figure 1. 18. Illustration of the base and degraded structures of silica NPs along with the mechanism and regulating 

factors of the degradation. Adapted from Croissant et al.96 

Figure 1.19 present the mechanism for growth and hydrolysis of the silica framework. The 

mechanism shows that on either case the protonation or deprotonation of silanol groups is 

necessary to start the reaction. In section 1.2.4.2, it was mentioned the types of silanol groups 

(Q4, Q3, Q2) present in the MCM-41 structure. The Q4 is more substituted and more difficult to 

protonated or deprotonated, Q3 and Q2 sites presented Si-OH bonds that are labile to transfer a 

proton to start the reaction. That is why the presence of hydrophobic groups or groups that 

coordinate water molecules in a stable form may stabilize the overall structure.  

These phase changes determinate the applicability of the silica material and have been 

extensively studied. Melvin Avrami in a set of three papers from 1939 to 1941 propose a 

mathematical model to explain the kinetic of phase change.119,120,121 This mathematical model 

has been used for kinetics of solid nucleation and dissolution.122,123,124  

In summary, the physical chemical characteristics of silica materials determinate its 

usability in aqueous systems. However, its structure can undergo changes that can be beneficial 
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or harmful for its application. The activity of the silica materials is also modulated by physical 

factors, which are in some cases determinant.  

 

Figure 1. 19. Generic mechanisms for the formation and dissolution of silica. a) Condensation mechanism of an 

alkoxysilane using acidic catalyst, b) Hydrolysis mechanism of an alkoxysilane using acidic catalyst, c) and d) 

Hydrolysis and condensation mechanisms of an alkoxysilane using basic catalyst. Adapted from Alothman.80 

 



31 
 

2. EXPERIMENTAL SECTION 

2.1 Materials  
 

All reagents were obtained from common vendors and purified when needed. LnCl3 

solutions were prepared by the reaction between a known amount of Ln2O3 with an aqueous 

solution of HCl 2 molL-1 under heating and stirring. Care was taken to keep the pH at 5, no 

hydroxide was used. The desired volume was set with water and the final solution was stored in 

a refrigerator. When needed, the solvent was exchanged to ethanol by evaporation of water 

and addition of ethanol. 

2.2 Synthetic procedures 

2.2.1 Synthesis of bis(2,4-dinitrophenyl)phosphate (BDNPP) 
 

Bis(2,4-dinitrophenyl) phosphate, BDNPP, was synthesized as reported by Bunton and 

Farber (Scheme 2.1).125 Recrystallized (in CHCl3) 2,4-dinitrophenol (2.77 g, 15 mmol) was mixed 

with distilled pyridine (2.5 mL, 31 mmol) in 30 mL of dry distilled acetonitrile under stirring, then 

0.5 mL (5.36 mmol) of redistilled phosphoryl chloride was added in an ice-salt bath. The reaction 

mix was stirred for 15 min and then poured into ice-water (200 mL). The solid formed was 

filtrated off and washed several times with ice cold water to remove the excess of pyridine. The 

crude product was recrystallized in a mixture of acetone-ether (50% v/v) to afford 1.90 g (3.73 

mmol, 70% yield) of the phosphate ester, mp 155-159°C (lit. 159-160°C). 

 

Scheme 2. 1. Synthesis of bis(2,4-dinitrophenyl)phosphate (BDNPP). 

 

2.2.2 Synthesis of the non-functionalized Porous Silica Material (PSiM) used 

for preparing the heterogeneous catalyst 
 

The synthesis of PSiM (MCM-41-type) was carried out as follow: 6.0 g (16.5 mmol) of 

cetyltrimethylammonium bromide (CTAB) was mixed with 81 mL of NaOH 1 molL-1 and 162 mL 
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of H2O and stirred for 3 h to give a homogeneous solution. Then, 30 mL (134 mmol) of tetraethyl 

orthosilicate (TEOS) was added dropwise under stirring (Figure 2.1) for 6 h and mixed for 24 h at 

room temperature. The white powder was filtered, washed with MilliQ water until the flow 

through had a conductivity lower than 10 μScm-1 and dried in the stove for 12 h at 60°C. Finally, 

the powder was calcinated at 550 °C for 6 h with a heating rate of 1 °C min-1. After many synthetic 

rounds, is observed that this method gives on average 6 grams of PSiM. 

 

Figure 2. 1. Apparatus used for synthesis of PSiM 

2.2.3 Functionalization of PSiM 
 

The functionalization process is made in two stages: activation of the surface of the PSiM 

to generate the major quantity of silanols groups susceptible to functionalization, followed by 

the incorporation of the organic moiety. 

• Surface activation  

In an ice-bath was added 6 mL of H2O2 35% and 14 mL of H2SO4 98% to PSiM (1.0 g). This 

mix was stirred for 10 min and the solid was filtered off. The silica was washed with abundant 

water (5x125 mL) and dried at 60°C for 12 h. 

• Incorporation of the organic moiety onto the surface of PSiM 

The PSiM modification was carried out according to a reported method (Scheme 2.2)126: 

300 mg of the active PSiM and 15 mL of dry toluene were placed in a two-neck round-bottom 

TEOS 30 mL 

Solution of CTAB, NaOH. 

White powder 

generated. 
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flask connected to a Dean-Stark system (Figure 2.2). The system was saturated with argon 

atmosphere to provide anhydrous conditions. Then, 0.50 mL of 3-

(triethoxysilyl)propylisocyanate (2.0 mmol) or 3-cyanopropyltriethoxysilane (2.2 mmol) was 

added to the reaction mix. The system was refluxed under stirring for three hours. The Dean-

Stark was allowed to take out the ethanol generated in the reaction. After three hours, the 

product, PSiM-CNO or PSiM-CN, was filtered and washed with ethyl ether and toluene. Solvent 

vestiges were removed under vacuum and heating, and the product was stored in a desiccator. 

 

Scheme 2. 2. Synthesis of PSiM-NCO and PSiM-CN from non-functionalized PSiM. 

 

Figure 2. 2. Apparatus used for the functionalization of PSiM. 

 



34 
 

2.2.4 Hydrolysis of the isocyanate group on the surface of the PSiM-NCO 
 

The modified PSiM-NCO (300 mg) was left to react in a 100 mL Erlenmeyer with 15 mL of 

H2O2 35% under vigorous stirring for 24 h at room temperature. Then, 2 mL of H2SO4 2 mol L-1 

was added and stirred for 1h (Scheme 2.3). The silica was filtrated and washed with abundant 

water and dried under room temperature for 24 h. 

 

Scheme 2. 3. Hydrolysis of isocyanate on PSiM-NCO. 

2.2.5 Hydrolysis of the cyanate group on the surface of the PSiM-CN 
 

The modified PSiM-CN (300 mg) was let to react in a 100 mL one-neck round-bottom flask 

with 40 mL of H2SO4 60% v/v under vigorous stirring for 3 h at 150 °C (Scheme 2.4). Solids were 

filtered-off, washed with abundant water, and dried at room temperature for 24 h. 

 

Scheme 2. 4. Hydrolysis of cyano group on PSiM-CN. 

2.2.6 Lanthanide (III) coordination to PSiM-NH2 and PSiM-COOH 
 

The PSiM-NH2 or the PSiM-COOH obtained as described above was mixed with 10 mL of an 

ethanolic solution of LnCl3 ≈ 0.1 mol L-1 (Scheme 2.5) in a one-neck round-bottom flask and 

refluxed under magnetic stirring for 24 h. The PSiM-NH2-Ln and the PSiM-COOLn were filtered 

and washed with ethanol. Then, the product was dried at 70 °C for 6h under vacuum. 
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Scheme 2. 5. Lanthanide (III) coordination to the modified PSiM-NH3
+ and PSiM-COOH. 

2.3 Characterization 
 

The synthesized materials were characterized by different techniques that all together 

intend to map out the physical-chemical properties of PSiM and its functionalized forms. 

2.3.1 Infrared spectroscopy 
 

FT-IR spectra were determined on a Varian Excalibur 3100 FT-IR equipped with a DTGS 

detector. Analyses were carried out in the Catalysis and Interfacial Phenomena Laboratory 

(LACFI) at UFSC. Each sample was dried for 12 h at 100°C prior preparation of KBr disks submitted 

to analysis. Each spectrum is the result of 64 interferograms with a resolution of 1.0 cm-1. 

2.3.2 Thermal Analysis 
 

TG/DSC curves were obtained on a Mettler Toledo TGA/DSC1 - STARe system, using 

synthetic air atmosphere, with a flow of 50 mL min-1, temperature range 25-750°C and heating 

rate of 10 °C min-1. Approximately 5 mg of sample were used in each analysis, which were placed 

in alumina container. Analyses were carried out in the thermal analysis laboratory at the 

chemistry department of the UFMG. 

2.3.3 Elemental Analysis Carbon, Hydrogen, Nitrogen (CHN) 
 

Elemental analyses were carried out in duplicate on a PerkinElmer CHN analyzer using tin 

capsules and 2 to 3 mg of sample. Analyses were carried out in the elemental analysis laboratory 

at the chemistry department of the UFMG 



36 
 

2.3.4 Total-reflection X-ray fluorescence 
 

Determination of Ln concentration in the suspension was performed using a portable full 

reflection X - ray fluorescence spectrometer, S2 PICOFOX ™ TXRF (Bruker Nano GmbH, 

Germany). The spectrometer is equipped with a Mo Kα 17.5 keV tube and operates under the 

conditions: 600 μA, 50 kV, 50 W. The spectrometer has a multi-layer monochromator and a 

silicon drift detector - SDD with an active area of 10 mm2. The radiation beam strikes the sample 

on a rectangular surface of about 7 x 0.1 mm2. The resolution of the detector is better than 160 

eV at 10 kPa (Mn Kα). The data acquisition time was 500 s per sample. Processing of X-ray spectra 

and counting of fluorescence peaks were performed using SPECTRA software version 7.0 (Bruker 

Nano GmbH, Karlsruhe, Germany). The L1α line was used for determination of the Ln 

concentration. Analyses were in triplicate. 

Each sample (15 mg) was prepared by addition of 200 μL of an internal standard (100.0 mg 

L-1) of Ga to give a final concentration of 10.0 mg L-1. The volume of the mixture was adjusted to 

2 mL with Triton X-114 and homogenized by vortexing. Then, a 10.0 μL aliquot was transferred 

to a sample holder and dried at 60°C for 10 min.  

2.3.5 Powder X-ray diffraction (XRD) 
 

Powder X-ray diffraction (XRD) were measured at 25 °C. Home source data were collected 

on a PANalytical - EMPYREAN diffractometer using Cu Kα radiation, scanning the 2θ from 2 to 

10°, at 0.0131° steps and scan rate of 0.31 θ min−1. Synchrotron data were recorded at the XRD1 

beamline at the National Synchrotron Light Laboratory (LNLS, Brazil) at 6.5 keV.126, 127 

2.3.6 Nitrogen Adsorption-Desorption at 77 K (BET analysis) 
 

The adsorption-desorption isotherms at 77 K were obtained in a volumetric adsorption 

equipment: Commercial Autosorb-1MP (Quantachrome Instruments Corp). Prior to analysis, the 

samples were degassed at 150 ° C for 16 h. The specific surface area was calculated by the BET 

method. 

2.3.7 Electron Microscopy 
 

Scanning electron microscopy (SEM) was carried out on a Quanta 200FEG FEI 14 2006 using 

an acceleration voltage of 15 kV. Samples were deposited on a carbon ribbon and metallized 

with 5 nm of platinum for the morphological analyses. Transmission electron microscopy (TEM) 

images were obtained on a G2-20 - SuperTwinTecnai FEI equipment. TEM samples were 
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dispersed in anhydrous ethanol and sonicated for 10 min before deposition and drying over 

Holey Carbon Films on 400 Mesh Copper Grids. SEM and TEM analysis were performed at the 

Microscopy Center at UFMG.  

2.3.8 Particle size, zeta potential and conductivity 
 

Dynamic light scattering (DLS), zeta potential and conductivity assays were measured on a 

ZetaSizer Nano ZS-90 (Malvern). Analyses were performed at 25 °C for non-sedimented particles 

after 5 min of dispersion (1.0 mg mL−1) in water or buffer solution. Samples assayed by DLS were 

measured 10 times with 10 accumulations of 5 s each in 1 cm pathlength polystyrene cuvettes. 

Zeta potential and conductivity were assayed in folded capillary zeta cells (Malvern), each 

sample was measured 5 times with 5 accumulations. The ZP data was obtained immediately 

after the formation of the dispersion. 

2.3.9 Solid-State Nuclear Magnetic Resonance (NMR)  
 

Solid 29Si Nuclear magnetic resonance were performed at the Nuclear Magnetic 

Resonance Laboratory of UFRJ using a 4 mm probe, relaxation delay (d1) of 4 seconds, 5 KHz 

rotation, number of scans (NS) of 4K 

2.4 Kinetic studies 
 

Kinetics were carried out using two similar reactor system (Figures 2.3 and 2.4). Non-

functionalized and functionalized PSiM (10-50 mg) were mixed with 20.0 mL of buffer solution 

0.1 mol L-1, then the reactor was closed, and its contents pumped through a flow cuvette placed 

in an UV-Vis spectrometer. Once the system was filled up with the solution and the temperature 

stabilized at 25°C, 50 μL of a CH3CN solution 5.0 mmol L-1 of BDNPP (Scheme 2.6). was added to 

start the kinetic experiment. Spectra (range 250-600 nm, resolution 1.00 nm) were taken over 

time  

  

Scheme 2. 6. Hydrolysis reaction of bis(2,4-dinitrophenyl) phosphate (BDNPP). 
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Figure 2. 3.System 1 (reactor) used to monitor the hydrolysis of BDNPP in the presence of the silica materials (PSiM, 

PSiM-NH3
+ and PSiM-NH2La). 
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Figure 2. 4. System 2 (reactor) used to monitor the hydrolysis of BDNPP in presence of the silica materials (PSiM-

COOH and PSiM-COOHLn). 

System 1 (Figure 2.3) was used for the kinetic studies in chapters 3 and 4, which the PSiM 

amount was 50 mg. System 2 (Figure 2.4) was used for the kinetic studies in chapters 4 and 5 for 

amount up to 50 mg of PSiM, due to the inner limitation of the system to handle higher charges 

of the catalyst (system clogging, flow stop). 
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Reactions were carried out as described above at different pH and buffer solutions (Table 

2.1). The concentration was the same for all buffer solutions (0.1 molL-1). The reaction was 

followed for 8000 min with four-time stages (Table 2.2). The pH of the buffer solution was measured 

before and after its use and the change was below 0.05 pH units, indicating that the concentration of H3O+ 

was constant during the experiments. 

Table 2. 1. Buffer solution used in the kinetic studies. 

Buffer pH range  

ACETATE 3.5-5.7 

PIPES 6.0-7.2 

HEPES 7.4-8.4 

CHES 8.6-9.8 

CAPS 10.0-11.0 

 

Table 2. 2. Typical intervals used to set up the spectra acquisition in the kinect experiment. 

Stage Cycle (min) Stop (min) 

1 3.0 60 

2 10.0 1000 

3 15.0 3000 

4 30.0 8000 

 

2.4.1 Catalyst Reuse 
 

Two methods were used to evaluate the capacity of reuse of the catalyst after the first use 

at pH 8.1. In the first method (hydrated PSiM), the remaining solution was eliminated, and the 

system was washed with buffer solution until the spectrum of the solution did not present any 

residual absorption. Then, a new buffer solution was added (pH 8.1) and 50 μL of a solution 5.0 

mmol L-1 of substrate BDNPP was injected to start the kinetics. In the second method (dry PSiM), 

the remaining solution was eliminated, and the system was washed with buffer solution until 
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the spectrum of the solution did not present any residual absorption. Then, the silica material 

was dried in an oven at 80 °C for 24 h, and the material was placed back in the flow system with 

a new buffer solution (pH 8.1) before starting the kinetics with 50 μL of a solution 5.0 mmol L-1 

of BDNPP. 

2.4.2 Activation (hydration) of PSiM  
 

To validate the influence of the method of hydration, two methods were used for hydration 

of PSiM. In the first method, the PSiM (30 mg) was hydrated with 20 mL of buffer solution (HEPES 

0.1 mol L-1 pH 8.0, on a 50 mL conical tube) for 1500 min. Then, 50 μL of a solution 5.0 mmol L-1 

of BDNPP was added to start the kinetics. In the second method, PSiM (10 mg) was placed on 

the system with 20 mL of buffer solution (HEPES 0.1 mol L-1 pH 8.0) and was let to hydrate for 

1500 min. Then, 50 μL of a solution 5.0 mmol L-1 of BDNPP was added to start the kinetics. 
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RESULTS AND DISCUSSION 
 

Following sections discuss the characterization and catalytic properties of the different 

synthesized materials. The discussion was separated by functional group on the surface of the 

PSiM and their catalytic properties. 

Non-functionalized PSiM was prepared according to the method of Ribeiro-Santos et al.128 

The surface hydroxyl groups were functionalized using 3-(triethoxysilyl)propyl isocyanate or 3-

cyanopropyltriethoxysilane to afford PSiM-NCO and PSiM-CN, respectively.88 The isocyanate 

groups in PSiM-NCO were converted to the amino form (PSiM-NH2) in the presence of 35% H2O2 

followed by treatment with 2 mol L-1 H2SO4. The cyano groups in PSiM-CN were converted to 

carboxyl (PSiM-COOH) by treatment with H2SO4 (60% v/v). Then, coordination of the 

functionalized silica materials with Ln3+ yielded PSiM-NH2Ln and PSiM-COOLn. 

Materials were characterized in relation to composition, morphology and properties using 

the following techniques: Infrared spectroscopy, Thermogravimetric Analysis (TGA), Differential 

Scanning Calorimetry (DSC), Elemental Analysis, Total-Reflection X-Ray Fluorescence (TXRF), 

adsorption of nitrogen gas to determine the surface area (BET method), Scanning and 

Transmission Electron Microscopy, and Dynamic Light Scattering. The catalytic properties of the 

materials were determined for kinetic studies on the hydrolysis of bis(2,4-

dinitrophenyl)phosphate (BDNPP). 
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3 PSIM FUNCTIONALIZED WITH AMINO GROUPS AND ADORNED WITH LA 

(III) 
This chapter first describes the characterization of PSiM-NH3

+ and PSiM-NH2La materials. 

Then, the catalytic properties of these materials on the hydrolysis of BDNPP is presented. 

3.1 Characterization of the PSiM and its amino and lanthanum forms. 
 

Materials were characterized in relation to their composition, morphology and properties. 

3.1.1 Infrared spectroscopy 
 

Figure 3.1 shows the FT-IR spectra of PSiM and PSiM based hybrid materials. The strongest 

band is observed at 1080 cm-1 for the asymmetric (vas, Si–O–Si) stretching vibration of the 

mesoporous framework, another characteristic band is the symmetric stretching vibration at 

795 cm-1 (vs, Si–O–Si). These observations show the success of the hydrolysis and 

copolymerization steps in the synthesis of PSiM. Figure 3.2 depicts the different silanol types 

present on the PSiM and their typical IR absorption bands. 

The bands near 2950cm-1 for the modified PSiM (Figure 3.1b red and blue) are assigned to 

the asymmetric and symmetric stretching vibrations of methylene groups, suggesting that the 

incorporation of the aliphatic chain to the PSiM framework has been successfully achieved. In 

line with these observations, comparing the spectra of PSiM with its amino functionalized forms, 

new bands are seen around 1570 cm-1, which were assigned to the N-H bending peak of the 

organic moiety (Figure 3.1c). Figure 3.1b shows that the intensity on the region of the different 

silanol types on the PSiM (Figure 3.2) are affected by functionalization. The greatest intensity 

change regard the non-functionalized PSiM is observed for PSiMNH2La (Figure 3.1b, blue) in 

agreement with the capacity of the La(III) ion to recruit water molecules. On the other hand, 

both organic functionalized forms PSiM-NCO (Figure 3.1b, green) and PSiM-NH3
+ (Figure 3.1b, 

red) present a decrease on the intensity comparing with the base PSiM (Figure 3.1b, black) as 

expected due to some silanols groups on the surface of PSiM are interchanged by organic 

moieties. 
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Figure 3. 1. The FT-IR spectra of PSiM (black), isocyanate(green) and amino(red) functionalized forms and its 

lanthanide complexes (blue). a) FT-IR spectra region of 4000-400 cm-1, b) Close-up of FT-IR spectra at 4000-2600 

cm-1 showing the peak at 2950 cm-1 (asymmetric and symmetric stretching vibrations of methylene groups), c) 

Close-up of FT-IR spectra at 1800-1300 cm-1 showing the peak at 1570 cm-1 (the N-H bending peak). 

 

Figure 3. 2. Typical IR Absorption bands for the different silanol types present on the PSiM. 
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3.1.2 Thermo gravimetric analysis (TGA) 
 

Figure 3.3 illustrates TGAs for PSiM and its functionalized forms in air. Comparisons 

between TGA for PSiM and its functionalized forms show variations in relation to the quantity 

of adsorbed water and organic composition. Both are consistent with hydroxyl functionalization 

as described for other silica materials.129, 130 Functionalization affords a less hydrated material 

and the weight loss (∼8%) between 250 and 500 °C refers to the combustion of the organic 

groups. The amount of organic material was calculated by subtracting the degree of PSiM 

dehydroxylation (∼4%) in the non-functionalized material from the total mass loss between 160 

and 700 °C (12%) for the functionalized PSiM. The chemical composition and degree of 

functionalization observed by thermal analyses agreed well with infrared and elemental 

analyses (discussed in section 3.1.4). 

 

Figure 3. 3. Thermograms of PSiM (black), PSiM-NH3
+(red), and PSiM-NH2La (blue) in air. The different regions 

indicated correspond to (1) water desorption, (2) degradation of the organic moiety when present, and (3) 

condensation of silanol groups.  
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3.1.3 Differential Scanning Calorimetry (DSC) 
 

The differential scanning calorimetry (DSC) gave information about the behavior of the 

thermal processes (Figure 3.4). PSiM presents an endothermic event from 25-150°C, which is 

related with the mass loss attributed to desorption of water (Figure 3.3 region 1). 

 

Figure 3. 4. Differential scanning calorimetry curves for PSiM (black), PSiM-NH3
+(red), and PSiM-NH2La. The 

different regions indicated correspond to (1) water desorption, (2) degradation of the organic moiety when 

present, and (3) condensation of silanol groups.  

The endothermic nature of the desorption is a reverse process of the exothermic 

adsorption, which can be explained by two reasons: (i) adsorption leads to a decrease in the 

residual forces on the surface of the adsorbent, which causes a decrease in the surface energy 

of the adsorbent. Therefore, adsorption is always exothermic; and, (ii) ΔS of adsorption is 

negative, because a molecule adsorbed on a solid surface has its movement restricted. Now for 

a process to be spontaneous, ΔG should be negative. Since ΔS is negative, ΔH has to be negative 

to compensate and provide a negative ΔG. Hence, adsorption is always exothermic. 

(1) (2) (3) 
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Figure 3. 5. Derivate of the TGA (dotted line) and DSC (solid line) curves of PSiM. 

The DSC curve for PSiM also present a constant endothermic process above 250°C, the rate 

of this process does not change up to 700°C (derivate of the weight percentage in Figure 3.5). 

To explain this phenomenon is important to consider the type of surface silanol groups present 

on PSiM (Figure 3.2). These silanol groups undergo dehydroxylation (oxalation condensation 

reaction in which an oxo briged is formed between two metal centres) reactions (Scheme 3.1) 

that cause a constant mass decrease by loss of water molecule every time the reaction takes 

place.  

 

 

Scheme 3. 1. Schematic representation of the dehydroxylation processes of SiOH groups in PSiM from two 

different types of silanol groups. Adapted from Zhao et al.131 
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The DSC curves of the modified PSiM-NH3
+ (Figure 3.6) and PSiM-NH2La (Figure 3.7) 

presented the same events observed for PSiM, desorption of water molecules and 

dehydroxylation under endothermic processes. Compared to PSiM, an additional exothermic 

transition is found at 200-393°C for the PSiM-NH3
+ and 200-428°C for the PSiM-NH2La; the final 

temperature is determined by the sign change in the DSC curve. The 35°C higher temperature 

to complete the reaction for PSiM-NH2La is consistent with the coordination of the metal to the 

organic moiety that required more energy to decompose. 

 

Figure 3. 6. Derivate of the TGA (dotted line) and DSC curves (solid line) of PSiM-NH3
+. 

 

Figure 3. 7. Derivate of the TGA (dotted line) and DSC curves (solid line) of PSiM-NH2La. 
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3.1.4 Elemental analysis 
 

Table 3.1 presents the results for elemental analysis for PSiM and its functionalized forms. 

An increase in the percentage of carbon and nitrogen in each of the modified samples was 

observed as expected. For PSiM-NH3
+ was found 9.1% of carbon and nitrogen in a molar 

relationship of 4.2
𝑚𝑜𝑙 𝐶

𝑚𝑜𝑙 𝑁
 (calculations presented below), which is slightly higher than expected 

(3.0
𝑚𝑜𝑙 𝐶

𝑚𝑜𝑙 𝑁
) . This difference can be explained by contamination with organic matter. Since 

contamination relies on nitrogen-free organic solvents used in the synthetic procedures (e.g. 

toluene and ethyl ether), the nitrogen content was considered to determine the degree of 

functionalization as 8.2%. This value was determined from the amount of nitrogen (1.4 mmol N 

g-1) and the molecular formulae for the organic moiety (C3H8N, M.W. 58.12). A similar method 

was used by Vunain et al.129 to calculate the degree of functionalization on amino-functionalized 

MCM-41. Therefore, the amount of extraneous organic matter was lower than 2% according to 

the carbon content determined by elemental analysis. 

Table 3. 1. Percentages from elemental analysis for PSiM and its functionalized forms. 

Sample Weight (mg) %C %H %N 

PSiM 1.884 0.30 3.16 0.15 

PSiM-NH3
+ 3.149 7.13 2.30 1.97 

PSiM-NH2La  1.480 6.60 2.19 2.02 

 

7.13 𝑔 𝐶

12.011 𝑔𝑚𝑜𝑙−1
= 0.59 𝑚𝑜𝑙 𝐶 

1.97 𝑔 𝑁

14.007 𝑔𝑚𝑜𝑙−1
= 0.14 𝑚𝑜𝑙 𝑁 

0.59𝑚𝑜𝑙 𝐶

0.14 𝑚𝑜𝑙 𝑁
= 4.2 𝑚𝑜𝑙 𝐶 𝑚𝑜𝑙 𝑁⁄  

3.1.5 Total-reflection X-ray fluorescence (TXRF) 
 

Total-reflection X-ray fluorescence (TXRF) is a sensitive method with several improvements 

regard to Energy Dispersion X-Ray Fluorescence (EDXRF).132 Basically, the internal arrangement 

of the TXRF provides higher sensitivity in relation to EDXRF. While the angle of incidence and 

fluorescence emission are approximately 45°/45° in the EDXRF, the TXRF is <0.1°/90°, as seen in 

Figure 3.8a.132 This causes the total reflection of the photons from the sample, and thus the 
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beam has minimal interaction with the sample holder on which are deposited only μL or μg of 

sample. This set up is attractive for detection of ultrace to traces elements.133 

Figure 3.8b depicts the TXRF spectrum for PSiM-NH2La. The La3+ cation show signals for Lα1 

and Lβ1 emissions at 4.647 and 5.038 keV, respectively. Table 3.2 reports the results for three 

samples showing an amount of 15.5 g kg-1 (or 1.5%) of La. The presence of other elements was 

found in trace quantities. However, the presence of chlorine is substantial, with a concentration 

of 4.4 g kg-1 (or 0.44%), which implies that chloride ions from the LaCl3 used in the synthetic 

procedure remains as La3+counter ions. 

 

Figure 3. 8. a) Simplified arrangements used for conventional XRFA (up) and for TXRF (down). Adapted from 

Klockenkämper and Bohlen132. b) Total-reflection X-ray fluorescence of PSiM-NH2La. 

Table 3. 2. Amounts of La determined in PSiM-NH2La (triplicate) using TXRF 

Sample Amount of La (mg/kg) Amount of Cl (mg/kg) 

PSiM-NH2La (a) 15270 4461 

PSiM-NH2La (b) 15700 4634 

PSiM-NH2La (c) 15530 4052 

Average 15500 4382 

Standard deviation 153 220 

 

The amount in moles of lanthanum and chlorine were calculated analogously as the 

determination of organic matter by elemental analysis. Assuming 1 g of material and the atomic 

weight of the lanthanum as 138.9 gmol-1, the quantity in moles of La3+ in this sample was: 

b) 
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0.015 𝑔

138.9 𝑔𝑚𝑜𝑙−1
= 0.108 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐿𝑎3+ 

The quantity in moles of Cl-present in this sample is: 

0.0044 𝑔

35.45 𝑔𝑚𝑜𝑙−1
= 0.124 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐶𝑙− 

Near a unity ratio Cl-/La3+ is found, which implies a close relationship between these two 

ions. These mean that the chlorine ion works as counterion of the La3+ on the structure. 

3.1.6 Determination of the surface area by adsorption of N2 using the BET 

method 
 

Nitrogen adsorption isotherms for PSiM, PSiM-NH3
+ and PSiM-NH2La are shown in Figure 

3.9a. These isotherms exhibit the typical shape for a mesoporous material (MCM-41 type) 

(Figure 1.11), type II-B isotherms with H4-type hysteresis loops at low relative pressure 

according to the IUPAC classification.80 A H4-type hysteresis loop at low relative pressure is 

observed for all samples at relative pressures above 0.42, which are typical for nitrogen capillary 

condensation in narrow pores.80 The specific area and pore size have been calculated by the 

Brunauer–Emmett–Teller (BET)134 and are presented in the Table 3.3. Average pore diameters 

(Table 3.3) and pore size distributions, calculated using the BJH method (Figure 3.9b) reflect 

PSiM functionalization. Pore width narrowed from 13 to 26 Å in the nonfunctionalized PSiM to 

6-18 Å in PSiM-NH3
+ and PSiM-NH2La. Pores smaller than 13 Å width in the non-functionalized 

PSiM disappeared upon functionalization.  

Table 3. 3. Surface area values obtain of the different samples of PSiM. 

SAMPLE BET surface area (m2g-1) Dp (nm) 

PSiM 812 2.8 

PSiM-NH3
+ 523 2.6 

PSiM-NH2La 432 2.6 

 

As seen in Table 3.3, all mesoporous hybrid materials exhibit smaller specific area in 

comparison with the pure PSiM. This behavior is expected since the functionalization of the 

surface of PSiM partially occludes its hexagonal cavity as observed by others. 
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Figure 3. 9. Nitrogen adsorption-desorption isotherms (a) and pore size distribution by the DFT method (b) for PSiM 

before and after modification and attachment of the La3+ ion. In black the base material PSiM, in red the modified 

PSiM-NH3
+, and in blue the PSiM-NH2La. 

(a) 
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The quantity of organic chains by square meter can be obtained from the surface area of 

523 m2g-1 determined by the BET method (Table 3.3) and the amount of organic chain per gram 

determined by elemental analysis: 

1.4 𝑚𝑚𝑜𝑙𝑔−1

523𝑚2𝑔−1
= 2.7 µ𝑚𝑜𝑙𝑚−2 

 

In addition, the value of 0.1079 mmol of La3+ per gram of material determined by TXRF can 

be convert in area of material as following: 

0.108 𝑚𝑚𝑜𝑙𝑔−1

432 𝑚2𝑔−1
= 0.25 µ𝑚𝑜𝑙𝑚−2 

3.1.7 Scanning electron microscopy 
 

Scanning Electron Microscopes (SEM) analyze a sample with a focused electron beam and 

deliver images with information about topography and composition. Figure 3.10 presents the 

secondary electrons SEM images (SE) for PSiM and its functionalized forms. Imaging with 

secondary electrons provides information about morphology and surface topography. The 

contrast is dominated by the so-called edge effect more secondary electron can leave the 

sample at edges than in flat areas leading to increased brightness there.135,136 Also it can be 

observed that the size of the PSiM base particles decrease from around 60 µm (Figure 3.10a) to 

20 µm when the surface modification is carried out (Figure 3.10 b and c). However, as seen in 

the images at maximum magnification, the morphology and the topography of the modified 

materials remains the same after functionalization. 

Figure 3.11 shows the Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) for the 

PSiM and its functionalized forms. This analytical technique offers elemental analysis and 

chemical characterization of samples. As expected, the only significant difference between the 

spectra for the PSiM-NH3
+

 and PSiM is a stronger signal at 0.28 keV for the kα emission of the 

carbon atom in the former sample. In the spectrum for the PSiM-NH2La signals are found for the 

chlorine (2.6 keV) and lanthanum atoms, although La emission was close to the detection limit. 

The TXRF, discussed earlier, offers data that are more reliable in this regard. 
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Figure 3. 10. Secondary electrons SEM images (SE) of a) PSiM, b) PSiM-NH3
+, and c) PSiM-NH2La. 



55 
 

 

Figure 3. 11.Energy-dispersive X-ray spectrum for: a) PSiM, b) PSiM-NH3
+, and c) PSiM-NH2La. 
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3.1.8 Transmission electron microscopy 
 

Figure 3.12 shows TEM images for PSiM (Figures 3.12 a and b) and PSiM-NH2La (Figures 

3.12c and d). In the Figure 3.12a (into the square, zoom in the corner) is observed the hexagonal 

structure of the PSiM (MCM-41 type pores), which have an average diameter of 2.8 nm or 28Å. 

The same hexagonal structure from a different perspective is found in many places of the TEM 

image for PSiM-NH2La (Figures 3.12 c and d), the square highlights one of these regions from 

where was determined an average pore diameter of 22 Å. Nevertheless, as seen on the images, 

most regions are disordered. This observation is agreement with the N2 adsorption-desorption 

isotherm, that present a hysteresis that suggests N2 condensation within interparticles and/or 

some impurity phases, such as lamellar mesostructures or agglomerate of particles. 

 

Figure 3. 12. Transmission electron microscopy (TEM images) a) and b) PSiM, c) and d) PSiM-NH2La. 
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3.1.9 X-ray Power Diffraction (XRD) 
 

As shown in Fig. 3.13, XRD diffractograms for PSiM and its functionalized forms display 

reflections for the plane (100) at 2θ values near 2.5° in our home source (λ=0.1542 nm), d100 

about 3.5 nm (see calculations below), which is typical for materials with ordered hexagonal 

arrangements.85,137 As reported for other amino-functionalized porous silica materials,129,138 

functionalization affects the scattering contrast between the pore channels and the silica walls, 

and the 2θ peaks are less resolved than in the corresponding non-functionalized material. 

Indeed, the 2θ peaks for (110) and (200) planes between 4° and 6° for the non-functionalized 

PSiM cannot be resolved in the XRD diffractograms for the functionalized materials. 

𝑛𝜆 = 2𝑑𝑠𝑒𝑛𝜃    (3.1) 

1 𝑥 0.1542𝑛𝑚 = 2𝑑𝑠𝑒𝑛(2.5)    (3.2) 

1 𝑥 0.1542 𝑛𝑚

2 𝑥 𝑠𝑒𝑛(
2.5

2
)
= 𝑑    (3.3) 

3.5 𝑛𝑚 = 𝑑     (3.4) 

From this value, the hexagonal network parameter a0, which corresponds to the distance 

between the center of the pores, can be calculated. 

𝑎0 = 
2𝑑100

√3
     (3.5) 

𝑎0 = 
2 𝑥 3.5 𝑛𝑚

√3
    (3.6) 

𝑎0 =  4.04 𝑛𝑚    (3.7) 

 

Figure 3. 13. XRD diffractograms for PSiM and its functionalized forms PSiM-NH3
+ and PSiM-NH2La. 
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3.1.10 Zeta potential and conductivity 
 

Next, we summarize important aspects for measurement of zeta potentials. Between 

particles in any suspension exists an attractive van der Waals interaction. That is why to prepare 

stable colloidal suspensions is necessary to introduce interactions that oppose these Van der 

Waals attractions. In an electrolyte solution, ions surround the particles and shield their surface 

charge offering the required stabilization. The distribution of counter ions near a charged 

surface can be described using Stern-Gouy-Chapman theory in which the potential at the surface 

drops across two layers, a compact inner and a diffuse outer layer. The distribution of ions in the 

diffuse layer depends of many factors (the concentration of electrolyte, the formal charge of the 

ions, the solvent, etc.), an important factor of this distribution is the potential at the boundary 

between the compact inner layer of ions and the diffuse outer layer of ions. The potential at this 

interface is often equated to the zeta (ζ) potential, which is the potential at the shear plane 

between the particle and the solvent under flow. 

Table 3.4 presents zeta potential, mobility, and conductivity data in water. Non-

functionalized PSiM has a negative zeta potential (-29.12 mV) consistent with the acidic nature 

of the surface hydroxyl groups, which upon partial functionalization with isocyanate groups 

provides PSiM-NCO with a less negative zeta potential (-16.54 mV). Hydrolysis of the isocyanate 

groups and La3+ coordination affords PSiM-NH3
+ and PSiM-NH2La, respectively, which have 

positive zeta potentials (33.4 and 38.4 mV respectively). In agreement with their chemical 

nature, these materials undergo partial ionization in water and their conductivities are higher 

than observed for the non-functionalized PSiM. Ávila-Ortega et al.139 made similar observations 

for amino-functionalized mesoporous silica nanoparticles (MSNs). 

 

Table 3. 4. Zeta potential and results for the PSiM and its functionalized forms in water at 25°C. 

Sample ZP Mobility Conductivity 

 
mV µmcm/Vs µS/cm 

PSiM -29.1 ± 1.8 -2.28 ± 0.14 9.72 ± 8.4 

PSiM-NCO -16.5 ± 2.4 -1.30 ± 0.19 5.61 ± 1.3 

PSiM-NH3
+ 33.4 ± 2.5 2.62 ± 0.19 27.4 ± 1.5 

PSiM-NH2La 38.4 ± 5.0 3.11 ± 0.39 61.0 ± 1.6 
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3.2 Kinetic studies 
 

The catalytic properties of the materials were evaluated for the BDNPP hydrolysis, which 

was followed by UV-Vis spectroscopy using a flow system. The reaction extent was monitored 

by 2,4-dinitrophenolate (DNP) formation, which absorbs at 360 nm and has a characteristic 

yellow color (Fig. 3.14). The reactions were started in a thermostated water-jacketed cell 

containing the catalyst that had its contents pumped through a silica filter and a quartz flow 

cuvette. In this technique, the Beer-Lambert law gives the absorption of monochromatic light 

for a single species of concentration c: 

 

 

where, Io and It refer to the intensity of the respective incident and transmitted lights, l is the 

path length of the beam through the solution and ɛ is the molar absorptivity at that wavelength. 

Liquid contents were pumped through a silica filter and a quartz flow cuvette (refer to Figures 

2.3 and 2.4). The BDNPP hydrolysis yielded one equivalent of DNP (Abs360=0.184 A U)140 and the 

phosphomonoester DNPP, which reacted to give an additional equivalent of DNP and inorganic 

phosphate (Pi) (Scheme 3.2). Figure 3.14 presents the data for the first 1500 min of BDNPP 

hydrolysis in the presence of PSiM-NH2La.  

 

Scheme 3. 2. Hydrolysis reaction of BDNPP, showing the representation used in the analysis. 

Next, we present the results for the catalytic activity of PSiM and its functionalized form 

PSiM-NH3
+ and PSiM-NH2La on the hydrolysis of BDNPP. 

 

log10(
𝐼𝑜

𝐼𝑡
) =  𝜀𝑐𝑙 = 𝐴 (3.1) 
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3.2.1 Evaluation of the catalytic activity of the PSiM hybrid material on the 

hydrolysis of BDNPP 
 

Figure 3.14 presents successive spectra over time for the BDNPP hydrolysis in the presence 

of PSiM-NH2La, showing the formation of DNP with maximum adsorption at 360 nm. 

 

Figure 3. 14. Successive spectra as a function of the time for the kinetics of bis(2,4-dinitrophenyl) phosphate 

(BDNPP) cleavage in the presence of PSiM-NH2La at pH 8.14 and 25 °C, using reactor 1 (Figure 2.3) 

Figure 3.15 shows the kinetic profiles for the BDNPP hydrolysis (absorbance at 360 nm vs. 

time) obtained in the presence of PSiM and its functionalized forms. Clearly, PSiM and PSiM-

NH3
+ have less activity for the hydrolysis of BDNPP at pH 8.14 compared to PSiM-NH2La. The rate 

constants for cleavage of BDNPP in the presence of each material were treated by initial 

velocities according to the following equation: 

  (3.2) 

 

where, ε is the molar absorptivity for DNP (ε = 14700 M-1 cm-1), b is the cuvette pathlength (1 

cm), and [BDNPP] = 12.5 M. This method was preferred since considers only the BDNPP 

cleavage without other time-dependent effects due to species distribution on the catalyst 
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surface or structural changes in the catalyst. The observed rate constants for each of the 

materials studied are presented in the Table 3.5. 
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Figure 3. 15. Absorbance at 360nm as a function of time for the hydrolysis reaction of BDNPP in the presence of 

PSiM (black), PSiM-NH3
+

 (red), and PSiM-NH2La (blue) at pH 8.14 and 25 °C, using reactor 1 (Figure 2.3). 

Table 3. 5. Kinetic parameters for cleavage of bis(2,4-dinitrophenyl) phosphate (BDNPP) in absence and presence 

of PSiM and its functionalized forms. The catalytic factor (f) is calculated in relation to the spontaneous 

hydrolysis.125 

Conditions (pH 8.14) 104kobs (min-1) f 

Spontaneous hydrolysis  0.14 1.0 

Non-functionalized PSiM 0.31 2.3 

PSiM-NH3
+ 1.27 9.2 

PSiM-NH2La 5.30 38 

 

Equation (3.2) is valid whenever the BDNPP concentration is the single change over time in 

a system where all the other variables are constant (e.g. nucleophile concentration and pH). The 

catalytic effect (f) denoted the ratio between the rate constants for the catalyzed and 
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uncatalyzed reactions. The half-life for the uncatalyzed hydrolysis is 35 days (kobs=1.38×10−5 

min−1) and falls to about 22 h (kobs=5.30×10−4 min−1) in the presence of PSiM-NH2La in pH 8.14 at 

25 °C. This represents a rate enhancement of 38-fold, which is 4 and 17-fold higher than 

observed for PSiM-NH3
+ (f = 9.2) and PSiM (f = 2.3), respectively. 

Supramolecular systems offer a multicooperative environments for catalysis141,142 and 

lanthanide coordination.143 We attribute the small 2.3-fold catalytic effect for PSiM to entropic 

advantage (Circe effect).144 The penalty for bringing reactants into close proximity in the 

uncatalyzed reaction is paid by their binding in the pores of PSiM, which restraint translational 

and rotational motions in the ground state. This effect is also observed for PSiM-NH3
+, where 

positively charged ammonium groups assist the recruitment of anionic reactants from the 

solution to the catalyst surface. This electrostatic effect reduces the repulsion between anionic 

groups and helps to stabilize the developing negatively charged transition-state. In PSiM-NH2La, 

besides the entropic advantage due to substrate binding and electrostatic effects from positively 

charged amino groups, the La3+ coordinates nucleophilic hydroxide ions and the anionic BDNPP 

in close proximity for reacting (as mentioned before Chapter 1.2). 

3.2.2 Evaluation of the reusability of PSiM-NH2La on the hydrolysis of BDNPP 
 

To assess the reuse capacity and stability of PSiM-NH2La, reuses studies were made as 

described on chapter 2.3.1 (hydrated method) using the reactor 1 (Figure 2.3). Figure 3.16 shows 

the kinetic profiles for each reuse of the catalyst. The activity boosts after the first use is due to 

aspects that will be discussed in detail in the next chapter. This increase in activity remains even 

after the sixth cycle of use (Figure 3.17), although after each use the catalytic activity undergoes 

a slight decrease. According to TXRF analyses, the material preserved the same metal 

concentration after the first use, and no detectable amount of La3+ was found in the reaction 

solution after filtering off the catalyst. Decrease in the catalytic activity after reuse is probably a 

consequence of catalyst poisoning by phosphate. Such behavior is common for metal-containing 

catalysts used in the hydrolysis or cleavage of phosphoesters,145,146,147 which involves metal 

poisoning caused by coordination of the inorganic phosphate released as a reaction product. 

After the first use of PSiM-NH2La, the following 5 reuses occurs at faster rates with formation of 

two DNP equivalents. 
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Table 3. 6. Kinetic parameters for cleavage of bis(2,4-dinitrophenyl) phosphate (BDNPP) in the presence of PSiM-

NH2La at pH 8.14 and 25 °C. The catalytic factor (f) is calculated in relation to the spontaneous hydrolysis (table 

3.5). 

Conditions 

(PSiM-NH2La 50mg, reactor 1, and pH 8.14) 

104kobs (min-1) f 

1st use 5.30 38 

1st reuse 84.5 612 

2nd reuse 54.5 395 

3rd reuse 54.0 391 

4th reuse 38.1 276 

5th reuse 29.6 215 

 

 

Figure 3. 16. Absorbance at 360nm as a function of time for hydrolysis of BDNPP in the presence of PSiM-NH2La at 

pH 8.14 and 25 °C, using reactor 1(Figure 2.3). 
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Figure 3. 17. Bar diagram representing the rate constants for the hydrolysis of BDNPP in the presence of PSiM-

NH2La at pH 8.14 and 25°C (table 3.6) obtained for each use and reuse (cycle). 

The catalytic activity (f) after the first use and second reuse are 38 and 612-fold above the 

spontaneous BDNPP hydrolysis under the same conditions. After 6 reuses the catalyst exhibits 

an activity only 3-fold lower than the second reuse, though 5.6-fold above the first use. 

3.2.3 pH-rate profile for the catalytic activity of PSiM-NH2La on the 

hydrolysis of BDNPP 
 

To evaluate the influence of pH on the catalytic properties of PSiM-NH2La to hydrolyze 

BDNPP, the catalytic activity was evaluated at different pHs (Table 3.7). The Figure 3.18 shows 

the increase in absorbance at 360 nm as function of time for each pH. 

Fresh PSiM-NH2La samples were used for the kinetic studies from pH 7 to 11 (Figure 3.19). 

A negative slope of about 0.3 is found in the pH-dependent region and a plateau is achieved 

below pH 8. This indicates that gradual environment-dependent amino group protonation 

occurs at lower pH, providing faster reactions. The protonated catalyst activates the initial state 

by substrate and nucleophile recruitment to the catalyst surface, where transition state 

stabilization provides a fast substrate cleavage. A possible mechanism underlining these 

observations is depicted in Scheme 3.3. 
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Figure 3. 18. Absorbance at 360nm as a function of time for the hydrolysis of BDNPP in the presence of PSiM-NH2La 

at different pHs, using reactor 1(Figure 2.3). 

Table 3. 7. Kinetic parameters for cleavage of bis-(2,4-dinitrophenyl) phosphate (BDNPP) in the presence of PSiM-

NH2La at different pH and 25 °C. 

Conditions (PSiM-NH2La 50 mg, reactor 1) 104kobs (min-1) 

pH 7.13 5.35 

pH 8.14 5.30 

pH 8.64 3.93 

pH 9.20 3.46 

pH 9.60 1.69 

pH 10.05 1.87 

pH 10.50 1.04 

pH 10.96 1.10 
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Figure 3. 19. pH-Rate profile for bis-(2,4-dinitrophenyl) phosphate (BDNPP) cleavage in absence (Δ) and presence 

(◼) of PSiM-NH2La at 25 °C. Kinetic data in absence of the catalyst were taken from Farber and Bunton.125 

 

Scheme 3. 3. Proposed mechanism for bis-(2,4-dinitrophenyl) phosphate (BDNPP) cleavage by PSiM-NH2La. 
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3.3. Conclusion 
 

In summary a porous silica material with high surface area (SBET=432m2 g−1) functionalized 

with NH2/NH3
+ groups and coordinated to lanthanum ions in the respective proportion of 13 to 

1 was synthetized and used as catalyst for the hydrolysis of BDNPP. As such, the catalyst surface 

was positively charged and attracted the anionic bis(2,4-dinitrophenyl)phosphate. The 

hydrolysis in the first use of the catalyst at pH 8.14 was about 38-fold faster than in its absence. 

In contrast to its first use, catalysis was about 15 times faster in the first reuse and about 6 times 

faster after the 5th reuse. Lanthanum ion activated metal bound hydroxide ions, which were 

properly oriented for nucleophilic attack on the electrophilic substrate, and the amino groups 

partook in transition state stabilization by electrostatic interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

4 STRUCTURAL CHANGES IN THE PSIM STRUCTURE AND ITS ROLE TO 

CATALYSTS. 
 

Catalytic activity, selectivity and stability depends on size, shape and structure of the 

catalyst particles.148,149 While ex-situ characterization offers significant understanding into the 

catalyst structure and composition, these observations may not provide information about 

changes in the catalyst structure and properties in its operating state. Such observations are 

fundamental to describe the catalyst structure-property relationships and, therefore, is essential 

to obtain structural information about catalysts under reaction conditions. In our case, as 

discussed in the previous chapter, hydrolysis of BDNPP in the presence of PSiM and PSiM-NH2La 

(scheme 3.2) was used to probe changes in the activity, functionality, and stability of the 

catalysts. A key observation for this part of the work is the increase of the catalytic activity after 

an induction period (Figure 4.1). This chapter discusses what type of changes occur in the PSiM 

structure and how these changes affect the catalytic properties of the material. To probe the 

structural changes over time, samples of the catalyst were taken and analyzed by different 

techniques to find a relationship between physical and chemical changes on the surface and 

structure of PSiM and PSiM-NH2La with the catalytic activity on the hydrolysis of BDNPP. 

 

Figure 4. 1. Absorbance at 360nm as a function of time for the hydrolysis reaction of BDNPP in the presence of PSiM 

(black), and PSiM-NH2La (blue) at pH 8.14 and 25 °C, using reactor 1(Figure 2.3). The two different stages on the 

reaction rate are divided by the red dashed line ≈ 1500 min. 
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4.1 Structural characterization 
 

Insights about the structural changes associated with the increase on the catalytic activity 

were provided by different analytical techniques. 

4.1.1 X-ray Power Diffraction (XRD) in function of time  
 

Figure 4.2 presents the XRD analysis for the PSiM samples recovered at different hydration 

times and when used as catalyst on the hydrolysis of BDNPP (8000min) at pH 8.0. To determine 

if the initial structure is maintained or lost during the reaction, all samples up to 8000 min 

presented a distinguishable Bragg peak at 3.1° related to (1 0 0) Miller reflection for the 

hexagonal P6 space array of PSiM particles.10 However, a slight loss in the intensity of the (1 0 0) 

peak is observed, together with the disappearance of the (1 1 0) and (2 0 0) peaks observed in 

the base material. Assuming that the samples were prepared in the same manner, these 

observations can be related to the effect of the physically adsorbed water on the XRD 

intensities150 and/or the pore structure changes during rehydration118 as discussed by others. 

Marler et al.150 found that the presence of organic sorbates or water have a major influence on 

the XRD intensities of MCM-41 materials which, however, can be fully recovered upon 

desorption of the species by heat treatment. 

 

Figure 4. 2. Powder X-ray diffraction pattern of the recover at different hydration times and used as catalyst on the 

hydrolysis of BDNPP(8000 min). 
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This behavior is not only observed for the base material, the XRD pattern for PSiM-NH2La 

after 8000 min of BDNPP hydrolysis presented the same behavior (Figure 4.3). The peak at 3.1° 

related to (1 0 0) Miller reflection is also conserved after 8000 min of reaction with a slight 

intensity lost. As before (section 3.1.9) the d100 and a0 were calculated and reported on table 

4.1. The d100 and a0 values are constant during all reaction time, showing that no major structural 

changes occur on the material.  

 

Figure 4. 3. XRD for PSiM-NH2La before and after its use in the hydrolysis of BDNPP. 

Table 4. 1. Structural parameters determined from XRD data (Figure 4.2 and Figure 4.3). 

Sample 2 θ d100(nm) a0(nm) 

PSiM (0 min) 3.07 2.88 3.32 

PSiM (160 min) 3.17 2.78 3.21 

PSiM (4000 min) 3.07 2.88 3.32 

PSiM (5785 min) 3.07 2.88 3.32 

PSiM (7950 min) 3.05 2.90 3.35 

PSiM-NH2La (0 min) 3.19 2.78 3.21 

PSiM-NH2La (8000 min) 3.25 2.72 3.14 

 

4.1.2 Transmission electron microscopy  
 

The TEM images for PSiM and PSiM-NH2La obtained at different reaction times confirm that 

the original hexagonal ordering is maintained after its use (Figure 4.4). The TEM images for the 
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recovered materials after 8000 min of reaction (hydrolysis of BDNPP), figures 4.4d (PSiM) and 

4.4f (PSiM-NH2La), display the same structural pattern of the base material. Although, this 

observation is not conclusive about the occurrence of surface changes on PSiM or PSiM-NH2La 

structures. Pham et al.113 found that TEM and SEM micrographs, and the XRD pattern of a 

mesoporous silica material that underwent physical changes were similar to those of the 

original. 

 

Figure 4. 4. Transmission electron microscopy (TEM) at different reaction times a) PSiM 160 min, b) PSiM 1230 min, 

c) PSiM 2560 min, d) PSiM 8000 min, e) PSiM-NH2La 0 min and f) PSiM-NH2La 8000 min. 
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4.1.3 Determination of the surface area by adsorption of N2 using the BET 

method 
 

The N2 adsorption-desorption isotherms for PSiM and PSiM-NH2La (Figure 4.5) before and 

after its use present an isotherm type IV for the PSiM as-synthesized, for the others a type II b 

with a hysteresis loop H4 is observed. The BET surface area (Table 4.2) decrease significantly 

after use, suggesting that structural changes occur in the sample which affect the 

microstructural arrangement in PSiM and PSiM-NH2La. The BET surface area decreases by 51 % 

for PSiM and 28 % for PSiM-NH2La, confirming that the incorporation of organic groups alters 

surface reactivity and protects the surface from chemical attack. Functionalization increases 

hydrophobization of the surface by silylation, modifying the bulk properties of the materials 

while at the same time preclude water attack stabilizing the materials in relation to hydrolysis.80 

The micropore area of the recover materials (Table 4.2) decrease in concordance with the total 

surface area, a remarkable decrease for the PSiM is found with a total collapse of the 

micropores. Although, as previously observed by TEM, the morphology of the materials is not 

significantly changed (Dp value). 

Table 4. 2. Surface area, Micropore area and Dp for PSiM and PSiM-NH2La at different reaction times as 

measured from the adsorption-desorption of N2 at 77 K. 

 

PSiM 

(0 min) 

PSiM 

(5790 min) 

PSiM-NH2La 

(0 min) 

PSiM-NH2La 

(8000 min) 

Surface area (m2g-1) 991 484 432 312 

Micropore area              

(t-Plot method m2g-1) 99 0 63 44 

Dp (nm) 3.6 3.6 3.6 3.6 

 

Figure 4. 5. Nitrogen adsorption-desorption isotherms for PSiM (black) and PSiM-NH2La (blue) as-synthesized and 

recovered after the hydrolysis of BDNPP at pH 8.0 and 25°C. 
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4.1.4 Solid-State Nuclear Magnetic Resonance (NMR)  
 

The chemical and physical information that is currently available for the majority of silicon 

structures has been achieved mainly through two different approaches:151 first, the study of 

ultra-low surface-area materials (≈10−4 m2g−1), using ultra-high vacuum (UHV) instrumentation 

and techniques of “surface science”, that is, infrared (IR) spectroscopy,152 scanning tunneling 

microscopy (STM),153 atomic force microscopy (ATM),154 transmission electron microscopy 

(TEM),155 high-resolution electron energy loss spectroscopy (HREELS)156 or X-ray photoelectron 

spectroscopy (XPS),155 etc.; and, second, the study of high-surface-area materials (100-1200 

m2g−1) by solid-state nuclear magnetic resonance (NMR).151,157,117,158 We used the second 

approach to evaluate the chemical composition of the catalyst upon hydration (Figure 4.6). This 

data reveals that hydration of PSiM affects not only the physical characteristics of the material 

but also the chemical nature of the silicon atoms that form the material network. 

Three resonance peaks at -109, -101, and -91 ppm were observed for PSiM, which were 

assigned to the silicon sites of Si(OSi)4 (Q4), HO-Si(OSi)3 (Q3), and (HO)2Si(OSi)2 (Q2) (Scheme 4.1), 

respectively. The Q3 sites are SiOH groups (i.e., free and hydrogen-bonded), and the Q2 sites 

correspond to geminal silanols. Varache et al.118 reported that the hydroxylation relates to Q4/Q3 

ratio. PSiM as-synthesized has a Q4/Q3 = 0.61 and the PSiM aged in an aqueous solution has a 

Q4/Q3 = 0.43 (Figure 4.6). This change in ratio is explained due to the relative intensity of the Q4 

silicons decreases in profit for Q3 silicons because the Q4 silicon sites are hydroxylated during 

the induction period as shown in figure 4.1. This behavior has been observed for Si NPs that 

become less branched upon hydration.159,83 The structural changes associated with the induction 

time in the use of PSiM produce more active active surfaces for catalysis of BDNPP hydrolysis. 

 

Scheme 4. 1. Hydroxylation processes during which new silanol groups are generated. 
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Figure 4. 6. Solid-state MAS 29Si-NMR spectra for PSiM before (a) and after (b) use as catalyst on the hydrolysis of 

BDNPP at pH 8.0 and 25°C. 
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4.1.5 Zeta potential 
 

Figure 4.7 shows the values of the zeta potential measured as function of time. PSiM and 

PSiM-NH2La were incubated in the buffer solution (HEPES 0.1 molL-1, pH 8) and the zeta potential 

was measured at different time intervals. The potential of both materials, base and modified, 

increase over time, although at different rates. The zeta potential of PSiM increases faster than 

observed for PSiM-NH2La and stabilizes after five hours of incubation. As mentioned before, the 

ZP is determined at the boundary between the compact inner layer of ions and the diffuse outer 

layer. This means that the ZP is related with the mobility of the ions at the surface of each 

material.160 

Therefore, PSiM-NH2La requires more time to get to an equilibrium, because mobility of 

the ions is slow due to interactions with the amino group and lanthanide ions. Therefore, the 

amino group and the lanthanum ion act as stabilizers and maintain the initial state for a longer 

time. 

 

Figure 4. 7. Zeta potential as function of time for the PSiM (a) and the PSiM-NH2La (b) at pH 8.0 and 25°C 

4.2 Kinetic studies 
 

On chapter three was shown that the reuse of PSiM-NH2La after the induction period 

present higher activity for BDNPP hydrolysis than in the first use. We propose that the structural 

changes described above modify the nature of the active-sites. The concept of “active-sites” in 

heterogeneous catalysis is attributed to Taylor,161 who proposed that the concentration of sites 

where rate-determining catalytic reaction steps occur is much smaller than the total 

concentration of available surface sites. A relationship of the catalyst surface structure with rates 
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of different reactions indicated that the nature of the active-site where bond breaking occurs, 

for example, diverge for different chemical bonds. In our cases the catalytic sites are related to 

the breakdown of the phosphodiester bond, which is favored by the increase of the silanol 

population involved in the stabilization of a charged transition-state. 

Below we detail our efforts to evaluate the impact of the hydration conditions on the 

development of PSiM active site better suited for the hydrolysis of BDNPP. 

4.2.1 Use and reuse of PSiM as catalyst on the hydrolysis of BDNPP 
 

PSiM was reused under the same conditions of PSiM-NH2La to determine if the boost on 

the catalytic activity occurs only for PSiM-NH2La or is a characteristic of PSiM materials. Figure 

4.8 presents the kinetic profiles obtained for the use and reuse of PSiM as catalyst on the 

hydrolysis of BDNPP at pH 8.0 and 25°C. An induction period represented by a drastic change in 

the slope of the curve is observed on the first use at 1500 min, when the DNP- formation 

becomes faster. The same boost on the catalytic activity found for PSiM-NH2La is observed for 

PSiM, which implies that this behavior is general for mesoporous materials. 

In table 4.3 are reported kobs determined by the initial velocities for the BDNPP hydrolysis 

in the first use and reuse. These values reveal that the structural changes are fundamental to 

the catalytic activity. However, it is important to observe that the catalytic activity for the 

hydrated material is not as high as shown for PSiM-NH2La under the same conditions, which 

confirm the importance of the lanthanide ion for catalysis. 

Table 4. 3. Kinetic parameters for cleavage of bis(2,4-dinitrophenyl) phosphate (BDNPP) in the presence of PSiM at 

pH 8.0 and 25 °C. The catalytic factor (f) is calculated in relation to the spontaneous hydrolysis (table 3.5). 

Conditions 104kobs (min-1) f 

PSiM, pH 8.0 – 1st use 0.42 3.03 

PSiM, pH 8.0 – 2nd use 36.2 262 
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Figure 4. 8. Absorbance at 360nm as a function of time for the hydrolysis of BDNPP in the presence of PSiM at pH 

8.0 and 25 °C, first and second uses using reactor 1 (Figure 2.3). 

4.2.2 Activation of PSiM prior its use on the hydrolysis of BDNPP 
 

In order to evaluate the influence of the substrate in the induction period of PSiM, two 

different kinetic experiments were carried out at pH 8.0 (HEPES 0.1 mol L-1) and 25°C. A previous 

study reported that interactions between the substrate and silica based catalyst can induce the 

formation of better active site.162 In the first experiment, PSiM was let to hydrate with 20 mL of 

buffer solution in a 50 mL conical tube. On the second, to evaluate the influence of phosphate 

ion (product of complete BDNPP hydrolysis), PSiM was let to hydrate with 20 mL of buffer 

solution in the presence of 2.0 mmolL-1 phosphate ion. Figure 4.9 presents the kinetic profiles 

for each of these experiments and the rate constants are reported in Table 4.4. 

 

Figure 4. 9. Kinetic profiles for the hydrolysis of BDNPP [12.5 mM] using a previous hydrated PSiM (30mg, on a 20 

mL buffer solution by 1500 min) in the absence and presence of 2.0 mmolL-1 phosphate ion (Pi) at pH 8.0 and 25°C 

using reactor 2 (Figure 2.4). 
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Table 4. 4. Kinetic parameters for cleavage of bis(2,4-dinitrophenyl) phosphate (BDNPP) in the presence of hydrated 

PSiM in absence and presence of 2.0 mmolL-1 phosphate ion at pH 8.0 and 25 °C. The catalytic factor (f) is calculated 

in relation to the spontaneous hydrolysis (table 3.5). 

Conditions 104kobs (min-1)      f 

PSiM, hydrated for 1500 min, pH 8.0 6.5 47 

PSiM, hydrated for 1500 min, pH 8.0 in 

the presence of phosphate ion 

0.201 1.45 

 

As these kinetic data above suggest, the presence of phosphate ion or the hydration under 

steady-state conditions does not respond for the catalytic activity, suggesting that another 

factor may influence the activation of the surface of the PSiM.  

4.2.3 Activation of the PSiM on the flow system  
 

The effect of pressure in gas state is well known, increasing the pressure on a reaction 

involving reacting gases increases the rate of reaction. On the other hand, changing the pressure 

on a reaction which involves only solids or liquids has a small effect on the rate. Weale et al.163 

describes the role of pressure on reactions at liquid state, according to him: “At hydrostatic 

pressures of several thousand atmospheres the rates of many liquid-phase reactions are 

considerably increased.” To validate the influence of the flow and the pressure in our catalytic 

system, 10 mg of catalyst were placed on the flow system and let to hydrate for 1500 min. Then, 

the substrate was added to initiate the BDNPP hydrolysis. Figure 4.10 shows the kinetic profile 

for the BDNPP hydrolysis reaction (absorbance at 360 nm vs. time) for this reaction. Clearly, 

hydrated PSiM presents a kinetic profile in agreement with the reuse on hydrated conditions 

(see figures 3.16 and 4.8). This observation suggests that a more active surface was created upon 

hydration, which does not depend on BDNPP hydrolysis itself and is facilitated under high 

pressure achieved in the PSiM pores. 
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Figure 4. 10. Kinetic profile for the hydrolysis of BDNPP using PSiM hydrated on flow reactor 2(Figure 2.4) at pH 8.0 

and 25°C. 

Several factors can affect the rate of chemical reactions, according to Avnir et al.164 chemical 

reactions respond to three major parameters: the nature of the chemical bond which is formed 

(or/and broken) in the reacting molecules; the stereochemical conditions which dictate this 

molecular change; and the energy profile of the reaction. Avnir164 also describe that when 

studying heterogeneous systems, a new factor has to be considered: the structure and the 

geometry of the environment in which the reaction takes place. This factor is as significant as 

the three others to the extent that can behest whether a reaction will take place. Despite to this, 

the quantitative treatment of this aspect and its relation to the other reaction parameters is 

poorly understood. The main reason for this struggle has been the nature of the structures 

involved in the majority of materials and because their surfaces show extremely complex 

geometries and sometimes, as in our case, the surface is not static but dynamic, complicating 

even more the analysis. In general, the geometry problem has two important consequences: 

first, on the basic level, it is quite difficult to study geometry-efficiency relationships, both 

phenomenologically and in a predictive fashion. And second, on the applied side, quality control 

has usually focused on parameters such as particle size, surface area and pore size165,166 but 

ignored the geometric parameter. 

In our case the surface of the heterogeneous catalysts (PSiM) is dynamic creating a 

metastate.167 This fluctuation is related to the chemical and physical changes that occur on the 
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surface of PSiM. Previously was mention that both the PSiM and PSiM-NH2La increase its ZP 

values in contact with the buffer solution. This increase is related to the formation of the 

metastate. 

The use of external forces also influences the formation of more active surfaces. 

Hydrodynamics168,  is a fundamental aspect in systems involving the transport of water 

molecules in mesoporous silica.169 It seems that the molecular configuration of water adsorbed 

on the hydrophilic PSiM surface affects the catalytic activities. Asay and Kim112 reported the 

evolution of the adsorbed water layer structure on silicon oxide at room temperature. They 

report the formation of three layers: “ice-like”, transitional and liquid water. They concluded 

that “hydrogen bonding with immobilized surface hydroxyl groups (Si-OH) affects the molecular 

configuration of the adsorbed water at ambient conditions. The equilibrium structure of the 

outermost layer varies in three different regions of the adsorption isotherm. In low humidity 

(relative humidity below 30%), the adsorbed water forms an ice-like layer on the surface at room 

temperature. The hydrogen bonding network on the silicon oxide surface that propagates up to 

∼3 network structure competes with the liquid water structure in the RH range of 30-60%, above 

which the liquid structure dominates. These structural transitions have profound effects on the 

adsorption isotherm of water and the behavior of the silicon oxide surface in different 

environments.” Therefore, the nature of the water layers formed on the static surface of PSiM 

and PSiM-NH2La may affect the catalytic activity. 

4.2.4 Development of a mathematic model to describe the effect of the 

structural changes of PSiM-NH2La on the hydrolysis of BDNPP 
 

As the BDNPP catalyzed-hydrolysis is an indirect measure of the overall change on the 

surface of PSiM-NH2La, is necessary to treat the system in terms of dispersive kinetics. Plonka170 

defined dispersive kinetics as dynamical processes in which many timescales coexist. This is the 

case for the hydrolysis of the BDNPP and the surface changes on the PSiM-NH2La and PSiM. The 

rate constants for dispersive processes are influenced by time. In the case of a chemical reaction, 

the time dependency of the rate coefficient, k(t) (termed the specific reaction rate) is describe 

in the following way. Reactions by their nature have to excite “reactivity distributions” of the 

reactants in the medium, as the most reactive species are the first ones to disappear from the 

system. The amount of this disruption is on the ratio of reaction rates to the rate of inner 

reorganizations (mixing or in our case develop of a most active surface) in the system bringing 

back the original distribution of reactants. If the rates of chemical reactions exceed the rates of 

internal rearrangements, then the initial distributions in reactant reactivity are not preserved 
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during the course of reactions and the specific reaction rates depend on time. Otherwise the 

extent of disturbance is negligible and classical kinetics, with a constant specific reaction rate (k) 

may be valid as an approximation. 

To gain further insight into the mechanism, we fit the kinetic data to a kinetic model that 

consider the structural changes that occur in PSiM and PSiM-NH2La. The Avrami equation is a 

useful tool, used to describe how solids transform from one phase to another at constant 

temperature.119 It has been used to explain the nucleation processes that lead to the formation 

of mesoporous silica.171 For this reason we found it a valuable tool to explain the “reverse” 

process. The structural change in PSIM and PSiM-NH2La occurs as consequence of its hydration 

in aqueous systems. The kinetic profile for the PSiM-NH2La (Figure 4.1) seems to follow two 

consecutive first-order kinetics. One stage occurs in the beginning of the reaction, at which no 

structural change is expected. The other apparent stage is observed after 1500 min when the 

catalytic activity increases considerably. The kinetic behavior for integrated rate laws is 

discussed in many physical chemistry textbooks,172,173 viz: 

 

in which an initial reactant A reacts to give the intermediate B, which then reacts to the final 

product D (Scheme 4.2). Furthermore, it is commonly presumed that each step is first order with 

respect to the reactant: 

rate (reaction 1) = k1[A]     (4.2) 

rate (reaction 2) = k2[B]     (4.3) 

By setting up differential forms for the change in concentrations of A, B, and D, these 

differential forms can be manipulated and ultimately integrated to get expressions for three 

time-dependent concentrations. These expressions are: 

[𝐴]𝑡 = [𝐴]0𝑒
−𝑘1𝑡      (4.4) 

[𝐵]𝑡 = 
𝑘1[𝐴]0

𝑘2−𝑘1
(𝑒−𝑘1𝑡) − (𝑒−𝑘2𝑡)    (4.5) 

[𝐷]𝑡 = [𝐴]0 [1 + 
1

𝑘1−𝑘2
(𝑘2𝑒

−𝑘1𝑡 − 𝑘1𝑒
−𝑘2𝑡)]   (4.6) 

These equations are taken as premise for our system and comparison to the approach used 

next. In order to take into consideration, the change in the structure of the catalyst, we applied 

the Avrami equation to describes how solids transform from one phase (state of matter) to 

another at constant temperature. This equation was originally applied to describe the kinetics 

of crystallization but has also been used for other changes of phase in materials, like chemical 

𝐴 

𝑘1
  𝐵

𝑘2
  𝐷  (4.1) 
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reaction rates, and even for analyses of environmental systems. According to the original paper 

by Avrami120 a relationship for a phase change at a constant temperature is described as follow: 

1 − 𝑉 = 𝑒−𝐵𝑘
𝑡
      (4.7) 

where V is the fraction transformed at time t, B is a temperature dependent constant, k is a 

constant varying between 1 and 4 that depends on nucleation and growth mechanisms. Since 

its conception, the Avrami equation has been applied by many workers122,123 and is commonly 

written as:  

𝐹 =  1 − 𝑒−(𝐾𝑡)
𝑛

      (4.8) 

Adding this equation to the two consecutive first-order kinetic model scheme 4.2,174 the 

following set of equations is obtained: 

 

Scheme 4. 2. Hydrolysis reaction of BDNPP, showing the representation used in the analysis. 

[𝐶] = [𝐶]𝑜 + [𝐶1] + [𝐶2]      (4.9) 

[𝐶2] =  [𝐷]       (4.10) 

𝑎1 = 𝑘1 + 𝑘1𝑎𝐹      (4.11) 

𝑎2 = 𝑘2 + 𝑘2𝑎𝐹      (4.12) 

[𝐷] =  A(1 − (
𝑎2∗𝑒

−𝑎1𝑡−𝑎1∗ 𝑒
−𝑎2𝑡

𝑎2−𝑎1
))     (4.13) 

[𝐶1] =  A(1 − 𝑒
−𝑎1𝑡)      (4.14) 

where [C] is the total concentration of DNP-O-, [D] is the concentration of phosphate ion formed 

as final product, 𝑎1 and 𝑎2 are the rate constants of the overall system. Equations 4.15 is the 

rate law for a consecutive reaction that considers the rate constants of each step and the 

function (F) of the Avrami Equation (Eq. 4.8). Parameters 𝑎1  and 𝑎2  are the respective rate 

constants for cleavage of BDNPP and DNPP, which are affected by the phase change in the 

catalyst, controlled by K, so that 𝑎1 = k1 + k1αF and 𝑎2 = k2 + k2αF. Abst, Abso and Abseq represent 

the absorbances at time t, zero and required to give one equivalent of DNP, respectively. Eq. 
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4.15 was used to fit the kinetic data for PSiM-NH2La in pH 8.1 obtaining the graphic shown on 

figure 4.11. 
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Figure 4. 11. Absorbance at 360nm as a function of time for the hydrolysis reaction of BDNPP in the presence of 

PSiM-NH2La pH 8.14 and 25 °C, showing the fit obtained using the Avrami equation and the parameters shown in 

Table 4.5. 

Table 4. 5. Kinetic parameters found for the data fit using the modify consecutive kinetic model (equation 4.15).  

Parameter Value 

Absorbance one equivalent of DNP 0.15 ± 2.22x10-4 

Initial Absorbance 0.05 ± 3.52x10-4 

n (Avrami exponent) 5.44 ± 0.081 

 104kobs (min-1) 

k1 12.2 ± 0.07 

k1a 0 

k2 0 

k2a 9.33 ± 0.11 

K 4.54 ± 0.17 

 

The data fit in Figure 4.11 and table 4.5 agrees quite well to the experimental data. A is the 

absorbance for one equivalent of DNP, k1= 12.2 x10-4min-1 is the kinetic constant for the first 

step of the reaction, a value close to the one mentioned before (table 3.5, pag.61). k1a is near 
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zero and tells how much the change in the PSiM-NH2La structure influences the first reaction 

step, a zero value obviously indicates that the change in structure is not large enough to 

influence k1. k2= 0 and k2a= 9.33 x10-4min-1 are the estimated rate constants for the second step 

of the reaction, which difference from k1, have magnitudes indicative that changes in the PSiM 

structure is quite determinant at the second reaction step. The K is the Avrami constant for the 

structural change and n is the Avrami exponent. The value of n = 5.4, indicates that the loss of 

structure is a three-dimensional process, and because is over 4, implicates that an autocatalytic 

process occurs.175,176 This phenomenon is expected by rationalizing the cooperative forces 

involved in the stabilization of the PSiM. 
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4.3 Conclusion 
 

The observations in this chapter show the intrinsic relationship between the structural and 

surface characteristics of PSiM and PSiM-NH2La with its catalytic activity. A decrease on the 

surface area of PSiM and PSiM-NH2La materials recovered after its use in aqueous medium 

indicate partial loss in the arrangement of the porous network. The physical characteristics are 

affected by chemical changes (confirmed by 29Si MAS NMR) that occur on the PSiM surface. The 

induction period is associated to the creation of more or better suited active sites that catalyze 

the BDNPP hydrolysis, formation of the sinalol groups from the siloxane groups. But it was found 

that external physical factors can accelerate this induction period on the surface of the material. 

Imbibition of liquids in porous hosts is drive by capillarity invasion and dynamics of water. We 

propose the existence of a paranematic phase due to the molecular alignment induced by the 

pore walls, constructing a metastate and more catalytically active sites. 

A mathematical model was developed to describe the kinetic profile observed for the 

hydrolysis of BDNPP in the presence of PSiM-NH2La. Dynamics kinetics was used in the form of 

the Avrami equation, which described properly the kinetic data. Because in the system a 

transformation of the siloxane groups to the silanol groups, adjust to the conditions of the 

Avrami equation (that describes how solids transform from one phase to another at constant 

temperature). The Avrami constant (n = 5.4) indicates that the hydration involves autocatalysis, 

as observed BDNPP hydrolysis catalyzed by as-synthesized PSiM, the burst in the catalytic 

activity after the induction time suggests that silanol groups neighboring siloxane groups favors 

the hydroxylation in a cooperative manner. Therefore, when silanol groups aids the 

hydroxylation of remaining siloxane groups, the population growth and the catalytic power for 

both siloxane and BDNPP hydrolyses increase quickly. 

 

 

 

 

 

 

 

 

5 PSIM FUNCTIONALIZED WITH CARBOXYL GROUP ADORNED WITH LN (III) 
In order to evaluate the importance of the functional group on the PSiM surface for binding 

of lanthanide ions and the importance of the lanthanide ions added, we built new materials 
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containing carboxyl ligands that were adorned with La3+ (PSiM-COOLa), Eu3+ (PSiM-COOEu), and 

Ho3+ (PSiM-COOHo). Therefore, this chapter presents the characterization of PSiM-COOH and its 

lanthanide bound forms PSiM-COOLn, which were applied for catalysis of the BDNPP hydrolysis. 

5.1 Characterization of the PSiM-COOH and PSiM-COOLn. 

As done before for the amino based materials, PSiM-COOH and PSiM-COOLn were 

characterized in relation to composition, morphology, and properties. 

5.1.1 Infrared spectroscopy 
 

Figure 5.1 presents the FT-IR spectra of PSiM and PSiM carboxyl hybrid materials. As 

observed for the amino based materials, the asymmetric (vas, Si–O–Si) stretching vibration at 

1080 cm-1 for the mesoporous framework is the strongest band, while the symmetric 

characteristic band (vs, Si–O–Si) is found at 795 cm-1. The asymmetric and symmetric stretching 

vibrations of the methylene groups are shown near 2950cm-1 for the modified PSiMs (Figure 

5.1b green, red, and blue). The FT-IR spectrum of PSiM-CN presents a band near 2500 cm-1 

assigned to the CN stretching177 (Figure 5.1d), which after hydrolysis to PSiM-COOH disappear 

to afford the band near 1720 cm-1 for the C=O stretching peak (Figure 5.1c). 

 

Figure 5. 1. The FT-IR spectra of PSiM in black, functionalized with cyano and carboxyl acid groups in green and red, 

respectively, and the lanthanide complex with carboxyl groups in blue. 
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5.1.2 Thermo gravimetric analysis (TGA) 
 

Figure 5.2a shows the TGA for PSiM and its functionalized forms in air. As discussed 

previously, PSiM presents two distinct stages of weight loss related to water desorption (25-

140°C) and water loss via condensation of silanol groups to form siloxane bonds (>250°C). The 

functionalized materials show two or three distinct stages of weight loss. The PSiM-CN presents 

two thermal events, 25-190°C and 200-600°C, due to water desorption and combustion of the 

organic moiety, which indicates the successful incorporation of the aliphatic chain on the silica 

surface. For PSiM-COOH and the PSiM-COOLa, the combustion of the organic moiety (200-

600°C) is divided in two stages which is a common behavior for carboxyl containing materials 

(Figure 5.2b).178,179 In all cases combustion occurs concomitantly with the water loss via 

condensation of silanol groups to form siloxane bonds. 
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Figure 5. 2. a) TGA and b) first derivate of TGA for PSiM (black), PSiM-CN (green), PSiM-COOH (blue), and PSiM-

COOLa (red). 
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5.1.3 Elemental analysis  
 

Table 5.1 presents the results for elemental analysis of PSiM and its functionalized forms. 

An increase in the percentage of carbon and nitrogen in each of the modified samples was 

observed as expected. For PSiM-CN was found 3.01% of carbon and 0.60% nitrogen in a molar 

relationship of 6.0
𝑚𝑜𝑙 𝐶

𝑚𝑜𝑙 𝑁
 , which is higher than expected (4.0

𝑚𝑜𝑙 𝐶

𝑚𝑜𝑙 𝑁
). This result implies a small 

contamination (≈0.6%) of organic matter. Since contamination relies on nitrogen-free organic 

solvents used in the synthetic procedures (e.g. toluene and ethyl ether), the nitrogen content 

was considered to determine the degree of functionalization as 2.9%, which was calculated from 

the amount of 4.28x10-2 mol N (calculated as shown below) and the molecular formulae for the 

organic moiety (C4H6N, M.W. 68.09). 

0.6 𝑔 𝑁

14.01𝑔𝑚𝑜𝑙−1
= 4.28𝑥10−2𝑚𝑜𝑙 

0.428 𝑚𝑚𝑜𝑙 𝑜𝑓 𝑁 𝑝𝑒𝑟 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  

Table 5. 1. Mass percentages from elemental analysis for PSiM and its functionalized forms 

Sample %C %H %N 

PSiM-CN 3.09 ± 0.17 0.69 ± 0.01 0.60 ± 0.03 

PSiM-COOH 3.16 ± 0.05 1.35 ± 0.49 0.16 ± 0.04 

PSiM-COOLa 3.73 ± 0.06 0.67 ± 0.50 0.23 ± 0.07 

PSiM-COOEu 4.91 ± 0.16 0.65 ± 0.21 0.28 ± 0.24 

PSiM-COOHo 4.1 ± 0.02 1.04 ± 0.20 0.14 ± 0.02 

 

5.1.4 Total-reflection X-ray fluorescence (TXRF) 
 

Figure 5.3 depicts the TXRF spectra for PSiM-COOLn. The La3+ cation of PSiM-COOLa 

(Figure 5.3a) shows signals for Lα1 and Lβ1 emissions at 4.65 and 5.04 keV, respectively. 

The Eu3+ cation of PSiM-COOEu (Figure 5.3b) shows signal for Lα1 emission at 5.75 keV, 

seen at 6.68 keV for the Ho3+ cation in PSiM-COOEu (Figure 5.3c). Table 5.2 reports the 

quantitative results the three samples, providing amounts of 1.5% of La, 0.05% of Eu and 

0.09% of Ho for the corresponding PSiM-COOLn. Other elements were found in trace 

quantities.  
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Table 5. 2. Amounts of Ln in PSiM-COOLn (triplicate) as determined using TXRF 

Sample % m/m Ln 

PSiM-COOLa  1.40 ± 0.13 

PSiM-COOEu 0.05 ± 0.01 

PSiM-COOHo 0.09 ± 0.01 

 

The amount in moles of lanthanide ions were calculated assuming 1 g of material 

and the atomic weight of each lanthanide, the quantity in moles of Ln3+ in the samples 

was: 

0.014 𝑔

138.91 𝑔𝑚𝑜𝑙−1
= 0.101 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐿𝑎3+ 

0.005 𝑔

151.97 𝑔𝑚𝑜𝑙−1
= 0.033 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐸𝑢3+ 

0.009 𝑔

164.96 𝑔𝑚𝑜𝑙−1
= 0.054 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐻𝑜3+ 

 

Figure 5. 3. Total-reflection X-ray fluorescence spectra of PSiM-COOLa (a), PSiM-COOEu (b), and PSiM-COOHo (c). 

a) b) 

c) 
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5.1.5 Determination of the surface area by adsorption of N2 using the BET 

method 
 

The N2 adsorption-desorption isotherms obtained for PSiM-COOLn materials (Figure 5.4) 

present an isotherm type II with a hysteresis loop H3. The BET surface areas (Table 5.3) present 

small to non-variations in relation to the identity of the metal ion. Isotherms of all materials 

present a hysteresis loop H3 and do not display any restrictive adsorption at high P/P0. This 

behavior can, for instance, be caused by the presence of non-rigid aggregates of plate-like 

silicates or association of slit-shaped pores. In our case, the generation of aggregates seems to 

be the cause of the presence of the H3 hysteresis loop. In the next topic this behavior will be 

discussed deeply. 

 

Figure 5. 4. Nitrogen adsorption-desorption isotherms for PSiM-COOLn as synthetized. 

Table 5. 3. Structural properties of PSiM-COOLn, as determined from the adsorption-desorption of N2 at 77 K). 

 
PSiM-COOH PSiM-COOLa PSiM-COOEu  PSiM-COOHo 

Texture parameters  
   

Surface area (m2g-1) 423 388 394 383 

Pore Volume (cm3g-1) 0.16 0.14 0.15 0.19 

Mean pore diameter (Å) 36.2 35.8 35.8 35.5 

A) B) 

C) D) 
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5.1.6 Transmission electron microscopy for the PSiM-COOHLn 
 

Figure 5.5 presents TEM images for the PSiM-COOLn materials. At relatively low 

magnification are observed the presence of extended cavities randomly distributed in the silica 

network, while at higher magnification, channels typical of mesoporous silica are clearly visible. 

Besides, the presence of multiple layers of material is observed. The pore wall size estimated by 

TEM is roughly 0.8 nm and the pore size is on average 2.6 nm. The porous structure observed by 

TEM is in agreement with the physisorption data (Fig. 5.2), which point out the occurrence of a 

secondary mesoporosity responsible for the capillary condensation at high relative pressure in 

addition to the ordered mesostructured. 

 

Figure 5. 5. Transmission electron microscopy (TEM) for A) PSiM-COOLa, B) PSiM-COOEu, and C) PSiM-COOHo. 

 

A) B) 

C) 
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5.1.7 Zeta potential and particles size 
 

Figure 5.6 presents zeta potential and size particle for PSiM and its derivatives as a function 

of pH. In general, the interaction of H+ and OH− ions on the material surface change its charge 

and zeta potential. In acidic solutions, protonation of neutral sites and interaction of hydronium 

ions increase the zeta potential value. In basic solutions, OH- deprotonates neutral sites and 

interacts with the surface lowering the zeta potential.180 

The unexpected behavior of the ZP values close to neutrality can be explained by analyzing 

the data on figure 5.6. An aggregation of the particles goes along with the increase in the zeta 

potential. As the size of the particles increases the ability to interact with ions from the medium 

decreases. Besides, the chemical nature of the functional groups and the presence of the 

lanthanide ions on the surface of the material creates species that may create a different double 

layer in each case. Another factor that can increase the ZP value on the materials is the water 

uptake capability of material surfaces, especially of bulk materials as in our case. When the pH 

is increased, acid surface groups dissociate to give negative charges. Adjacent and equally 

charged groups experience electrostatic repulsive forces, which provoke an expansion in the 

PSiM structure coating and increases the ionic conductance.  

The catalytic studies presented ahead display an increase on the catalytic activity at pH 

above 7. Although, the activity shows a maximum at different pHs depending on the metal, 

which suggest the formation of different complexes on the surface of the material. In 

agreement, the ZP values for PSiM-COOLn also do not follow the same tendency of the material 

without bound lanthanides, which is also associated with the formation of different species. 
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,

 

Figure 5. 6. Zeta potential and particle size as a function of pH for PSiM and its functionalized forms at 25°C. 

Measured in different buffer solutions (0.1 mol L-1) as a dispersion of 1 mg mL-1 of material. 

5.2 Catalytic studies  
 

The catalytic properties of the PSiM-COOH and PSiM-COOLn materials were evaluated for 

the BDNPP hydrolysis, which was followed by UV-Vis spectroscopy using a flow system. The 

reactions were started in a thermostated water-jacketed cell containing the catalyst that had its 

contents pumped through a paper filter and a quartz flow cuvette. Figure 5.7 shows successive 

spectra overtime obtained for the BDNPP hydrolysis in the presence of each one of the materials 

at pH 8.0, which shows the formation of DNP at 360 nm for all the materials. The increase in 

absorbance at 360 nm as a function of the reaction time is presented in the figure 5.8. The kinetic 
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profiles follow a similar pattern obtained to PSiM and PSiM-NH2La, which shows an induction 

period after which the DNP appearance speeds up. This observation also implies the formation 

of more active sites as seen before for PSiM-NH2La. 

 

Figure 5. 7. Successive UV-Vis spectra over time for BDNPP hydrolysis catalyzed by PSiM-COOH and PSiM-COOLn. 

Figure 5.8 shows that the induction time is present for all materials, although PSiM-COOEu 

exhibit a longer induction time. Table 5.4 reports that all three-lanthanide catalyst have more or 

less the same catalytic activity, with a catalytic effect varying from 31 for PSiM-COOHo to 50 for 

PSiM-COOLa. Therefore, the half-life of 35 days (kobs=1.38×10−5 min−1) for the uncatalyzed 

hydrolysis decreases to about 17 h (kobs=7.01×10−4 min−1) in the presence of PSiM-COOLa in pH 

8.0 at 25 °C. 
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Figure 5. 8. Absorbance at 360 nm versus time for first use of the materials (PSiM-COOLn) on the BDNPP hydrolysis, 

at pH 8.0 and 25 °C. 

5.2.1 Reuse and thermal resilience of PSiM-COOLn on the hydrolysis of 

BDNPP 
 

In order to evaluate the capacity of reuse of the catalyst, 20 mg of each material were used 

in a buffer solution at pH 8.0 (HEPES 0.1 molL-1) and washed until the signal of product of the 

reaction was not observed. Then, the catalysts were put in an oven to dry at 70°C for 12h. After 

that, the material was used for the BDNPP by 500 min of reaction to ensure that no activation 

would occur, this procedure was needed to evaluate only the inner activity of the catalyst. The 

same procedure was used in each cycle. Table 5.4 reports the rate constants for cleavage of 

BDNPP at each cycle as determined by initial rates according to the following equation: 

]BDNPP[2

)/(

b

tAbs
kobs




=                                                  (5.1) 

The catalytic activity decreases after each cycle (Figure 5.9). However, even after four cycles 

of reuse the catalytic effect is still above 8-fold. This indicate that the good catalytic activity even 

after all the mechanical and thermal stress that the material underwent. 
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Table 5. 4. Kinetic parameters for reuse of PSiM-COOLn on the cleavage of bis-(2,4-dinitrophenyl) phosphate 

(BDNPP), pH 8.0 at 25 °C. The catalytic factor (f) was calculated in relation to the uncatalyzed reaction.125 

 
PSiM-COOLa f PSiM-COOEu f PSiM-COOHo f 

USE 104kobs(min-1) 
 

   
 

1 7.01 51 4.88 35 4.29 31 

2 4.67 34 5.25 38 2.65 19 

3 1.15 8.3 1.38 10 1.17 8.5 

4 1.34 9.7 1.09 8 3.11 23 
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Figure 5. 9. Rate constants obtained for each use using PSiM-COOLn on the hydrolysis of BDNPP, at pH 8.0 and 25 

°C 

5.2.2 pH-rate profile for the catalytic activity of PSiM-COOLn on the 

hydrolysis of BDNPP 
 

The catalytic activity of PSiM-COOH and PSiM-COOLn (10 mg) for the hydrolysis of BDNPP 

was studied in different pHs (Table 5.5). PSiM-COOH profile follows a similar profile compared 

to the uncatalyzed BDNPP hydrolysis (Figure 5.10)125, nevertheless, a catalytic effect of about 6-

fold is observed. This effect is twice as high as observed for the non-functionalized PSiM (Table 

3.5), suggesting that the pending carboxyl group is directly involved in catalysis, very likely as a 

basic catalyst. The lanthanide complexes are more active than the PSiM-COOH base material. 
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Table 5. 5. Observed rate constants for BDNPP hydrolysis in the presence of PSiM-COOH and its lanthanide forms 

at different pH (buffer solution 0.1 mol L-1). The catalytic factor in parenthesis (f) was calculated in relation to the 

uncatalyzed reaction.125 

Material PSiM-COOH PSiM-COOLa PSiM-COOEu PSiM-COOHo 

pH 104kobs(min-1), f    

6.0 0.63  3.67   3.13 

7.0 0.87 (7.7) 3.24 (29) 1.09 (9.6) 1.08 (9.5) 

7.5 - - - 6.64 (61) 

8.0 0.95 (6.9) 4.15 (30) 1.07 (7.8) - 

9.0 0.92 (3.9) 10.6 (45) 2.56 (11) 10.8 (46) 

9.5 - 1.47 2.37 6.86 

10.0 3.13 (5.7) 1.44 (2.6) 1.02 (2.2) 1.38 (2.5) 

 

The pH-rate profile for the PSiM-COOLn materials can be divided in three regions: i. a pH-

independent region below pH about 7; ii. a pH-dependent region between pH 7 and 9, in which 

a catalytic effect is observed; and, iii. a pH-dependent region at pH > 9 characterized by a 

decrease on the catalytic activity. The pH-dependent regions below pH 9 show slopes of 0.3 for 

PSiM-COOLa, 0.2 for PSiM-COOEu and 0.4 for PSiM-COOHo. Above pH 9, are observed slopes of 

-0.8 for PSiM-COOLa, -0.3 for PSiM-COOEu and -0.9 for PSiM-COOHo. These behaviors do not 

indicate a single acid-base equilibrium that would give a slope of 1, but rather suggests complex 

equilibria involving multiple sites near each other. This behavior is typical of solid matrixes, in 

which acidity of surface groups are affected by interactions with neighboring groups.181 It is 

worth mentioning that species distributions for lanthanide complexes in homogeneous 

conditions are characterized by complex behaviors of many acid/base forms.182, 46, 183, 184 The 

shape of the graphic presented in Figure 5.10 indicates an environment dependent on the 

concentration of –OH above pH 9, where a decrease on the catalytic activity is observed. We 

consider two different species population to explain this behavior (Figure 5.11). Between pH 7 

and 9, deprotonation of water molecules bound to Ln3+ form more catalytic active species. 

However, above pH 9, the formation of Ln3+ species containing more hydroxide bound ions result 

in less active species with lack of vacancies for coordination of the substrate. 
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Figure 5. 10. pH-Rate profile for bis(2,4-dinitrophenyl)phosphate (BDNPP) hydrolysis in the presence of PSiM-COOH 

and PSiM-COOHLn at 25 °C.  

 

Figure 5. 11. Proposed species for the BDNPP cleavage by PSiM-COOLn at different pH below and above pH 9. 
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5.3 Conclusion  
 

In summary, new porous silica materials with high surface area (SBET≈390m2 g−1), 

functionalized with carboxyl groups and coordinated to lanthanide ions were synthetized and 

used as catalyst for BDNPP hydrolysis. In the first use of the catalyst at pH 8.0, catalysis was on 

the range of 30 to 50-fold faster than observed for the uncatalyzed hydrolysis. The PSiM-COOLn 

was resilience to thermal stress presenting good activities after four cycles of use. Lanthanide 

ion activated metal bound hydroxide ions, involved in the nucleophilic attack on the electrophilic 

substrate. Optimal catalysis is observed at pH near to 9 due to the formation a species that may 

both activate the hydroxide ions and bind the substrate. 
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6 GENERAL CONCLUSION AND PERSPECTIVES 
 

New carboxyl and amine-based Porous Silica Materials (PSiM) were synthetized. The 

organic groups allowed the inclusion of lanthanide ions that afforded Lewis acid features to the 

PSiM surface. This characteristic enhanced the catalytic activity of the materials for the 

hydrolysis of a model phosphodiester: BDNPP. The catalytic effect (f) for first use at pH 8.1 and 

25°C varied from 8 for PSiM-COOEu to 38 for PSiM-NH2La. Surprisingly, activities during reuse 

were considerably higher (f = 612). The catalytic behavior is pH-dependent on surface chemical 

speciation that differs depending on the nature of the organic moiety and metal. In the case of 

PSiM-NH2La a bifunctional action is observed, the amine groups attracted BDNPP from the 

solution and a water molecule coordinated to a lanthanum ion attack the BDNPP. Besides, the 

results show that the presence of any lanthanide ion on the surface of PSiM-COOLn accelerate 

BDNPP cleavage, independent of the lanthanide nature. 

An interesting feature in the use of PSiM and its functionalized forms was an induction 

period, after it the reaction rate for BDNPP hydrolysis increases substantially. The growth in the 

catalytic activity and the induction period itself suggests changes on the surface physical-

chemical characteristic of PSiM and its derivatives. Solid state NMR data suggest that catalysis 

depends on interconversion from siloxane to silanol groups, which form a more active surface 

for BDNPP hydrolysis. A kinetic model based on the Avrami equation was developed to fit the 

experimental data. The Avrami constant, n of 5.4 implied autocatalytic effects, which silanol 

hydroxylation favors the hydroxylation of remaining siloxane groups in a cooperative fashion. As 

result, silanol population growth and the catalytic power for both siloxane and BDNPP 

hydrolyses increase quickly. 

The mechanism by which the reaction occur is highly dependent on the chemical nature of 

the functionalization, but the catalytic activities are intriguingly similar despite of the organic 

moiety. An unexpected performance (f = 612 for PSiM-NH2La at pH 8.1 and 25°C) was found 

during the reuse of the materials, this increase in activity was associated to the structural 

changes describe above, which create a better suited catalytic matrix for the BDNPP hydrolysis. 

It is remarkable that there are so few reports about the role of structural changes in silicas 

for catalysis of phosphate ester cleavage. Further studies can rely on these phenomena in order 

to develop systems with interesting applications. It is worth remembering in those studies other 

silica and hydroxylated materials to determinate how morphology, crystallinity, isomorphicity, 

and chemical composition can affect catalysis. In addition, engineering, physics and chemical 
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studies may be done in sync to develop a silica-flow system for clearance of phosphoester 

compounds in aqueous media. It would be quite interesting to determinate if the induction 

period occurs for other class of compounds and materials. 
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