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1 

“Introduction: Clay Materials” 
 

In this chapter, a general introduction to clays materials was given, clarifying the 

differences between natural and synthetic ones especially with reference to a specific kind 

of synthetic clays called saponites (see Figure below). 

The literature data demonstrate the growing interest in the synthetic saponites, due to 

their peculiar physico-chemical properties, which proved to be excellent versatile materials 

for the preparation of novel advanced layered materials. 

 

 

 

 



Chapter 1 

 
2 

1.1 Phyllosilicates 

The silicates1 represent a large family of minerals mainly consisting of oxygen and 

silicon atoms, distinguished according to the complexity of the bonds between the 

individual tetrahedral units of [SiO4]
-4 and the number of vertices in common 

between them. The silicates in which the [SiO4]
-4 tetrahedra are organized in 

bidimensional-like (2D) layers linked together by sharing three vertices along a 

plane, thus forming sheets of tetrahedral structures, are classified as phyllosilicates 

(also called sheet silicates).1 In each layer, the tetrahedral units present a central 

silicon atom that coordinates four oxygen atoms, thus constituting a lattice with a 

general composition of [Si2O5]
-2. Six member rings of [SiO4]

-4 tetrahedral units 

interconnected together through common vertices to form hexagonal rings that 

extend outward in infinite sheets (Figure 1A); three out of the four oxygens from 

each tetrahedra are shared with other tetrahedral units. The terminal/apical oxygen 

atoms of a layer interact with the other cations of the adjacent layer, thus forming 

octahedral layers. These are arranged in such a way that three vertices lie in a plane 

while the other three are in another one parallel to it. The remaining free vertices are 

normally occupied by an additional hydroxyl/OH- ions located at the centre of the 

hexagonal ring as shown in Figure 1B, in which the triangles become the faces of the 

octahedral groups that can bind to the tetrahedral layers.  

 

Figure 1. (A) Schematic representation of a Si-O-Si plane of phyllosilicates. (B) 

Schematic view of a OH- ion with respect to the lattice of phyllosilicates. 
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The phyllosilicates are constituted by a lamellar structure and each single lamella 

(or tectoid) is formed by the overlapping of single layers joined by covalent forces, 

which stabilize the entire inorganic framework. These layers (or sheets) can contain 

chemical elements in tetrahedral (T) and/or octahedral (O) coordination (Figure 2A). 

The phyllosilicates are categorized according to the number of layers that form the 

structure of the lamella. Phyllosilicates of 1:1 type are constituted by one T-layer 

joined to one O-layer (T-O structure), while 2:1 type are formed by one O-sheet 

sandwiched by two T-sheets (T-O-T structure). The space between each 1:1 or 2:1 

sandwich is called interlayer or interlamellar region: this zone is populated by 

positively-charged ions (i.e. Al3+, Na+, Mg2+…), which neutralize the residual 

negative charges of the inorganic Si-O lattice (Figure 2B). 

 

 

Figure 2. (A) Tetrahedral (T) and octahedral (O) basic units constituting the 

phyllosilicates. (B) Structure of 1:1 (T-O) and 2:1 (T-O-T) type phyllosilicates.  
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According to the number of layers which constitute the lamella structure (1:1 or 

2:1 type), on the net charge value of the structural formula and on the cations present 

inside the interlayer space, phyllosilicates are further distinguished in two three main 

sub-classes (Figure 3 and 4): 1) kaolinite-serpentine (1:1), 2) talc-pyrophyllite, 

smectite, vermiculite, chlorite and mica (2:1), and 3) interstratified clays like 

sepiolite and palygorskite (2:1 inverted ribbons).1 The chemical composition of the 

main phyllosilicates is reported in Figure 4. 

Natural phyllosilicates are commonly generated by the chemical action of 

atmospheric agents on siliceous minerals based on hydrated alumino-silicates (also 

called clays),1 which are commonly found on the Earth's surface. Indeed, clay 

minerals (Figure 5), also defined as a class of hydrated phyllosilicates making up 

fine-grained fraction of soils,1 are one of the primary products of chemical 

weathering and one of the most abundant constituents of sedimentary rocks. Asides 

from some compounds of the groups of chlorite and mica and of the sub-group of 

serpentine, most of the phyllosilicates are constituted by clays. 

 

Figure 3. Family of silicates. 
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Figure 4. (A) Classification of phyllosilicates; the x parameter represents the net 

charge of the material, obtainable from the structural formula. (B) Chemical 

composition of the main phyllosilicates. 

 

Figure 5. Representation of T-O and T-O-T type clay mineral particles. 

A 

B 
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The O-sheet possesses a remarkable compositional variability since the cation(s) 

present in it can be replaced by others (a process named “vicariance”), creating a 

charge imbalance. The base structure of the phyllosilicates is formed by three 

octahedrons for the O-sheet. The layer is called di-octahedral if two of the three 

octahedrons are occupied by a cation and the third is unoccupied, while if all three 

octahedrons are filled by a cation the layer is classified as tri-octahedral.1 In the case 

of a di-octahedral sheet silicates, a trivalent ion (i.e. Al3+, Fe3+…) is present only in 

two of the three octahedrons, and in the structure of the lamella an octahedron is 

linked to only one other octahedron (each O2- or OH- ion is surrounded by three 

divalent cations). In the tri-octahedral sheet silicates, instead, an octahedron is joined 

to other two and compensates the positive charge of a divalent cation present in it 

(i.e.  Mg2+, Fe2+…) (each O2- or OH- ion is surrounded by two trivalent cations). 

(Figure 6). 

 

Figure 6. Tri-octahedral (A) and di-octahedral (B) structure of the O-sheet. 

The phyllosilicates have been used since the prehistoric era due to their wide 

diffusion and great diversity in nature.2,3 The intrinsic properties of the di- and tri-

octahedral phyllosilicates (Figure 3 and 4), such as the high specific surface area, the 

cation-exchange capacity and the hydration degree, have made these materials 

suitable for a large number of applications: for example, in building materials, in the 

industrial and pharmaceutical field, as catalysts, ion exchangers or decolouring 

agents…4-8 Because of their particle size, commonly in the order of tens to hundreds 
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of nanometres, phyllosilicates are considered excellent nanomaterials, for example 

as nanoreactors for the synthesis of nanoparticles and for functional nanodevices.9 

The variability of chemical species that can be hosted in the interlayer space has 

allowed to develop a wide range of new advanced lamellar systems.10-17 Because of 

these reasons, in recent years the employment of natural and synthetic clays on the 

nanoscience and nanotechnology fields has attracted a considerable interest in the 

scientific community. 

 

1.2 Natural clays 

Over the years, natural clays have been employed in several industrial 

applications, for paper, plastics, rubber, building and electrical industry, paints, 

cosmetics, coating, foundries, ceramic… In Figure 7 are shown most of the uses of 

two natural clays, kaolin and bentonite (n.b. the latter is a fine powder/solid mixture 

consisted of ca. 90 % of montmorillonite).  

 

Figure 7. Industrial applications of some of most used natural clays (kaolin and 

bentonite). 

In 2001-2019 range, more than 116.000 papers have been published worldwide 

about the clays, and of these more than 5.000 papers are dealing with the application 

of clay materials in the catalysis field. Moreover, more than 500 patents have been 
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reported in the last two decades for the applications of natural clays as catalysts 

(Figure 8). 

 

Figure 8. Patents (from 2001 to 2019) related to the uses of natural clays in the 

catalysis. 

Despite the high abundance on the Earth's crust, the naturally occurring clay 

minerals have significant disadvantages compared to their synthetic counterparts, 

such as a i) non-controllable variability of the chemical compositional (they are, in 

fact, a physical mixture of variable amounts of iron, magnesium, alkali metals, 

alkaline earths and other cations), ii) variable colour and textural properties (i.e. 

specific surface area, pore volume, pore distribution and particle aggregation), iii) 

presence of crystallographic defects and, depending on the genesis process and the 

area of origin, iv) different kinds of impurities and contaminants present in the 

deposits (i.e. grit and amorphous clays, carbonates, other silicates, organic material 

and various oxides), which require long, expensive and complex procedure for their 

elimination (Figure 9). All these disadvantages limit the use of natural clays in those 

systems where the purity and control of the properties are fundamental. 

The preparation of clays through synthetic procedure, on the other hand, allows 

to obtain pure phyllosilicate phases and to control the final properties from a physico-

chemical point of view, leading to final solids with i) more controlled chemical 

composition, morphology, shape and particle size, ii) high aspect ratio, iii) controlled 
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surface chemistry and iv) well-defined ratio of the constituent elements (i.e. 

isomorphic substitutions content) and type of ions introduced in the framework or 

into the interlamellar space.38 The knowledges acquired from the synthetic 

methodologies applied over the years has allowed to have a more detailed 

understanding of the formation of these minerals, especially regarding the 

modification of their composition and properties (Figure 9). 

Figure 9. Examples of electron microscope micrographs of natural38 (A) and 

synthetic (B) clays. 

The synthetic phyllosilicates, in particular a specific type of clay of the family of 

smectites named saponite,50 have been proved to be incredible versatile materials, 

and through the chemical functionalization and modulation of their structure at three 

different domain levels (morphology and particle size, interlayer/interlamellar space 

and inorganic lattice) it is possible to obtain several interesting novel advanced 

layered materials. Indeed, thanks to their greater homogeneity and well-defined 

physico-chemical properties, the synthetic saponite clays have obtained greater 

interest compared to natural solids, both in academic and industrial fields, 

particularly in the optimization of materials for catalytic, industrial, optoelectronic, 

biological and nanotechnological applications.28-31,50  
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1.3 Synthetic clays: Saponite 

Saponite clays1 are a class of hydrated alumino-silicates of the family of 

phyllosilicate smectites, essentially made of aluminium, magnesium, silicon and 

oxygen elements. The general formula of the saponite is: 

Mn+
(x/n)[Mg]6(OH)4[Si(8-x)Alx]O20 ∙ mH2O 

where M is the exchange cation with n charge residing in the interlayer, x is the 

aluminium fraction present in the structure and m is the total number of water 

molecules.18 

The saponite has a 2:1 T-O-T tri-octahedral structure that repeats along the xy 

plane. The two T-sheets are mainly constituted by silicon in tetrahedral coordination 

with oxygen, while the O-sheet is formed by magnesium in octahedral coordination 

with oxygen and hydroxyls. Each tetrahedron has a brute formula [SiO4]
-4 and 

connects with the other three tetrahedra through the three coplanar vertices in which 

the oxygen is positioned; in the planar plane the tetrahedrons are arranged forming a 

hexagonal ring. The fourth oxygen, called apical because it is placed perpendicularly 

to the plane of the other three oxygens, connects with the overlying layer, the 

octahedral one. The O-sheet consists of octahedrons with vertices occupied by four 

hydroxyls, two oxygens and a central Mg2+ ion. The octahedrons are joined along an 

edge and rest on the same plane with a triangular face. On this plane, three octahedra 

are arranged to form a face-centred hexagon, with six hydroxyls at the vertices and 

a hydroxyl at the centre of the ring. The O-sheet is connected to the T-sheet by 

covalent bonds between the apical oxygens of T-layer and the hydroxyls in the O-

layer, both arranged in hexagon structures. A second T-sheet binds to the O-sheet on 

the opposite side and in a parallel manner to the first, forming the final T-O-T 

lamellar structure along the z-axis (Figure 10). 

The isomorphic substitution of Si with Al (Al → Si) in the T-sheet generates a 

charge imbalance in the inorganic structure, due to a non-compensation of the 
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negative charge located on the oxygen of the tetrahedron (silicon is Si4+ while 

aluminium is Al3+). 

The total negative charge can vary between 0.2-0.6 charge units per structural 

formula and is compensated by positive ions called exchange cations. Given the 

tendency of the lamella to pack, these cations (i.e. Na+, K+, Ca2+…) are in the 

interlayer space between the lamella. This region presents a general thickness that 

can vary between 0.10-10 nm depending on the charge of the lamella and chemical 

species present in it. Each lamella is linked to the others by weak ionic bonds, since 

the charges are distributed along the entire lamella.  

The O-sheet, on the other hand, normally does not possess vicariances, even 

though aluminium can replace magnesium thus generating a charge imbalance (as in 

montmorillonite clay). The characteristics of the O-sheet influences the structural 

parameters, as the parameter b of the crystalline cell. 

The elemental cell of saponite belongs to the monoclinic system, where the cell 

parameters are a ~ 0.53 nm, b ~ 0.92 nm e c ~ 1.5 nm, while the angle β is between 

97-100°.19 The value of b for saponite is typical of disorderly-packed lamellar 

systems.20 The T and O layers extend along the xy plane and are described by the cell 

parameters a, b and c0 (lamella thickness). The T-O-T sheets are stacked along the z 

axis with a repetition period c: this is given by the sum of the thicknesses of the three 

layers (c0 ~ 0.9 nm)21 and of the interlamellar space. The values of a and b are almost 

constant because they are related to the tri-octahedral nature of the structure; the size 

of the octahedron varies according to the ionic radius of the coordinated element. 

The parameter that varies considerably is the repetition period c, which is dependent 

on i) the number of layers and on ii) the presence of cations and water molecules in 

the interlamellar space (Figure 11). 
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Figure 10. Schematic views of the structure of saponite. 

 

 



Chapter 1 

 
13 

 

Figure 11. A) Scheme of the saponite lamella with estimated thickness of T-O-T 

structure and interlayer space. B) Illustration of the contact plane between T and O-

sheets of the lamella. C) Crystallographic reflexes associated with saponite lamella. 

Saponite clays (and smectites in general) show different levels of spatial 

organization (“multi-scale structure”). The T-O-T basic unit repeats laterally in the 

xy plane up to a hundred of nanometres, thus forming the primary superstructure 

called lamella. The lamellae are joined by ionic bonds through the exchange cations 

in the interlayer space, and tend to be stacked on top of each other. The lack of spatial 

organization of lamellae is called turbostratic stacking: the absence of a constraint 

on the rotation of one layer with respect to another causes the lamellae to be arranged 

randomly, assuming different orientations with respect to the under- and overlying 

sheets (open house of cards structure) (Figure 12).20 

 

Figure 12. Open house of cards spatial organisation of saponite lamellae. 
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The physico-chemical properties of saponites are attributed to i) morphology and 

chemical composition of lamellae, ii) electrostatic charge of lamellae and iii) high 

thermal stability of the structure. Together, these features confer interesting 

characteristics to these kinds of clays, especially in terms of high chemical 

versatility.50 

The lamellar structure allows to include chemical species with different 

dimensions (charge to radius ratio) and properties. Saponites lamellae can undergo 

swelling or can be broken down into single units, thus obtaining greater interlamellar 

space. Natural saponites have specific surface areas between 30-160 m2/g, while 

those of synthetic origin present greater values, in the order of 300-400 m2/g.22 

Several procedures can be adopted to modulate the surface properties such as the 

specific area and acidity of saponites (i.e. treatment with low concentrated acid 

solutions to increase the surface acidity).16,23 

The electrostatic charge of lamellae allows the introduction of positively charged 

ions and molecules (i.e. inorganic cations, organic species, polymers…) in the 

interlamellar region (intercalation process). The total amount of intercalated cations 

defined the cation-exchange capacity (CEC) of the saponite, expressed in 

milliequivalents (meq) of cations per 100 g of clay material. The CEC is related to 

the amount of Al → Si substitutions that generate charge imbalances, offset by 

exchange cations. These substitutions are also responsible for the surface acidity of 

saponite, in terms of concentration and strength. The acid sites possess variable 

nature and acidic strength. When the compensation of the negative charge of the 

structure is carried out by a proton, the site generally has a Brønsted-type acidity: the 

acid sites are formed by labile protons that are present in the structure in form of 

hydroxyls bound to tetrahedral aluminium (Figure 13). Theoretically, the number of 

Brønsted acid sites is equal to the number of aluminium present in the T-sheet but, 

in reality, not all exchange cations can be replaced by protons, so the value represents 

an approximation.24 Furthermore, the same structural hydroxyls can be considered 

as Brønsted-type acids. Besides this, another kind of acid sites (Lewis-type) can be 
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generated by extra-framework aluminium, which can be present in defective zones 

of the structure, and by exchange cations positioned near the tetrahedral aluminium. 

The presence of bivalent cations, such as structural magnesium placed in defective 

sites, can also act as a Lewis acid site.25 

 

Figure 13. Representation of a Brønsted acid site (Si-O(H)-Al) in the saponite. 

The high thermal stability of saponite is another important feature, in addition to 

the surface acidity, which has allowed its use in several scientific fields, especially 

for catalysis.26 Saponite does not undergo significant structural changes up to ca. 550 

°C: at lower temperatures there is the gradually loss of water adsorbed on the surface 

and located in the interlamellar layer, while at higher temperatures the 

dehydroxylation of the octahedral layer and the collapse of the structure begins. 

Vogel et al.27 have correlated the thermal stability of saponite with the nature of the 

octahedral cation. Indeed, the thermal stability of the clay increases in the sequence 

Zn2+ (400 °C) → Co2+ (600 °C) → Mg2+ (700 °C) → Ni2+ (800 °C). The size of the 

octahedral cation causes a rotation of the tetrahedral layer to adapt to the extensions 

of the two layers. Relatively small cations, such as Ni2+, cause a rotation of about 9° 

and an increase in the ionic radius minimizes the rotation angle. Vogel et al.27 has 

shown that an octahedral cation with a relatively small ionic radius, which is 
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associated with a high rotation angle for the T-sheet, favours the thermal stability of 

saponite clays. 

 

1.4 Synthetic methods for the preparation of saponites 

Different synthetic procedures employed for the preparation of saponites have 

been explored in the literature in the last two decades. The synthetic methods 

developed over the years tried to simulate the natural processes (genesis) involved 

in the formation of the clay minerals, as a result of the gradual chemical weathering 

of silicates rocks and by some natural-occurring hydrothermal processes over long 

periods of time.1 The synthetic procedures have been optimized in order to obtain 

clay materials, with more defined physico-chemical properties than natural 

counterparts, in shorter time by modulating ad-hoc several parameters such as 

temperature, pressure and composition of the synthesis gel.1,50  

The synthetic saponites have been synthesized through different methodologies: 

i) “classical” hydrothermal conditions, performed at relatively high temperatures and 

in sophisticated apparatus (autoclave); ii) microwave-assisted hydrothermal 

procedures, carried out at lower temperatures and reduced preparation times 

compared to classical methods; iii) Sol-Gel procedures, executed under varying mild 

experimental conditions (generally at low temperature and ambient pressure); iv) 

other processes (i.e. conversion from starting natural clays at mild temperature, with 

clays obtained through microbe-induced mechanism, and by using the sonication 

process to speed up the synthesis) (Figure 14).17,19,26,32,50  
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Figure 14. Some of the experimental conditions adopted for the synthesis of 

saponites. 

The hydrothermal methods are the most and well explored procedures adopted 

for the preparation of synthetic saponites, because the basic formation mechanism is 

like the one exploited in the nature. The typical procedures require temperature 

ranging from 150 to 450 °C, synthesis gel with acid or basic pH (range 1-10) and a 

gel aging from 1 h to several days/months. The gel phases can also contain different 

sources of the main composing elements (i.e. amorphous silica, TEOS, Al2O3, 

Al(OH)3, NaAlO3, NaOH, Mg(CH3COO)2, H2O...), with or without so-called 

“mineralizing agents” (F-, OH-...). The process typically exploited the autogenous 

pressure of water up to 1500 bars which lead to the formation of the clay crystal 

structure. This process requires dedicated and relatively expensive equipment 

(autoclave systems), and this could be a limit to the use of saponites at industrial 

level. However, the hydrothermal conditions have the potential to be allow the scale-

up of the synthesis, thus producing high amount of desired clays. Bisio et al.34, 

together with Kloprogge et al.22,35 showed that the dilution of the synthesis gel led 

to substantial modification of the surface and structural properties of the saponite 

clay. In this way, it is possible to easily modify the morphological and structural 

features of saponites directly in the synthesis phase, obtaining final materials with 

particle size varying from nano- to micrometres and different cation-exchange 
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capacity (Figure 15).28-31,24,44 Another important aspect in the synthesis is the 

inclusion of the aluminium ion: the poor control of tetrahedral substitutions by 

aluminium in the synthesis gel can lead to saponites with magnesium and aluminium 

ions in the interlamellar layer, as reported by Kloprogge et al.36 Kawi et al.37 

prepared saponites through hydrothermal methods by varying the content of 

magnesium and nickel in the octahedral layer. Kloprogge et al.22 synthesized 

saponite with NH4
+ as an exchange cation, under mild temperature. Vogel et al.33 

shown that the formation of NH4
+-saponite is favoured both by a high NH4

+/Al3+ 

molar ratio and by the presence of fluorine ions. 

 

Figure 15. HRTEM micrographs of saponites prepared with different H2O/Si molar 

ratio: Na-SAP-20 (A), Na-SAP-110 (B) and Na-SAP-150 (C).34 

The hydrothermal process has been also modified to be like Sol-Gel methods, by 

exploiting lower temperature and pressure, in order to reduce the preparation times 

and the associated costs. A synthetic procedure to obtain different isomorphic 

substitutions (i.e. B3+ and Ga3+) at lower temperature (ca. 100 °C) and pressures (0.1 

MPa) compared to hydrothermal route was developed by Vogel et al.27 Sol-Gel 

conditions have also been used by Pinnavaia et al.38 and Prikhod’ko et al,39 obtaining 

saponites in 24-72 h and 90 °C. Higashi et al.40 synthesized Zn-smectites and Mn-

saponites from an unconventional mixture of reagents.  

Another route explored with the aim to obtain synthetic saponites in relatively 

shorter times is the microwave-assisted hydrothermal methodology, well studied 
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by Yao et al.,42 Vogel et al.33 and Vincente et al.43 These procedures, carried out in 

microwave synthesis reactor, are influenced by several parameters such as heating 

time, presence of fluorine ions and the initial pH of the synthesis gel. Vincente et 

al.43, for example, managed to synthesize several saponites with higher crystallinity 

and CEC values than those prepared with the conventional hydrothermal route, under 

mild conditions (90-120 °C, neutral pH and in 6-12 h). 

Taking advantage of the high chemical versatility of the synthetic saponites, the 

materials can be further modified by introduction of functional guest molecules into 

the structure. In this manner, porosity, acidity and other physical and chemical 

properties can be easily tuned. Several types of saponite-based hybrids or composites 

materials have been successfully prepared by the intercalation in the interlamellar 

region of organic and inorganic positively-charged ions, molecules and polymers.1,50 

Covalent grafting of a moiety of organic molecules onto the surface of saponite clays 

also proved to be feasible. For examples, Xue and Pinnavaia41 developed a method 

to prepare an organic-inorganic (hybrid) saponite in which the organic moieties are 

covalently linked to the tetrahedral layer, maintaining at the same time the 2:1 T-O-

T lamellar structure. 

In conclusion, the ability to easily modulate the final physico-chemical properties 

of synthetized saponite clays through the chemical functionalization and modulation 

of their morphology and particle size, interlayer space and inorganic lattice, responds 

to the need to obtain new advanced layered materials suitable for several applications 

spanning from nanotechnology to biomedical fields.50 

 

1.5 Applications of synthetic saponites 

In the last decades, synthetic smectites clays, in particular saponites, have 

attracted growing interest in the scientific community and they are considered for a 

large number of applications especially in relation to their peculiar chemical-physical 

properties (i.e. high specific surface area and acidity, controlled chemical 
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compositions and high thermal stability),30,31 low costs and high chemical versatility, 

thus leading to novel functionalized materials with extremely fine-tuned properties. 

The classic uses of clays range from agriculture to surface coatings, for 

environmental purposes (i.e. adsorbents, ion exchangers, water 

decontamination…),49 removal and recovery of metals and hazardous compounds 

and for the photocatalytic decomposition of organic molecules. More modern 

applications range from catalysis (i.e. as heterogeneous catalysts for preparation of 

organo-modified clays,44 as nanoadditives and for polymeric nanocomposites with 

improved mechanical properties), optoelectronics, in pharmaceutical industry (i.e. 

excipients, drugs delivery, sun cream formulations…),28 for chemical sensors, for 

high porosity siliceous systems and in the field of nanocomposite polymers (Figure 

16).50 

 

Figure 16. Uses and applications of saponite-based materials (A) and annual number 

of peer-reviewed papers published (B) relevant to saponite (2007-2017).50 

Great attention has been paid to the development of hybrid photophysical 

luminescent materials based on synthetic clays. They present several advantages: i) 

easily modulation of fluorescent/dye compounds loading, which represents a critical 

parameter in order to reduce the formation of harmful aggregates for optical 

performance; ii) protection of the molecules hosted in the interlamellar space, 

limiting the diffusion of oxygen and thus improving their thermal and chemical 

stability compared to the pure compound . Clay materials have been also used as 
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active layers for the development of novel electroluminescent light emitting diodes 

(LEDs) devices (Figure 17A).45,46 

Synthetic saponites have been successfully exploited as additives for the 

stabilization of quasi-solid electrolytes employ in the organic-based photovoltaic 

devices such as dye-sensitized solar cells (DSSCs), obtaining interesting results in 

terms of sunlight conversion efficiency and stability.47 

Acid smectites are often used as catalysts for dimerization reactions and 

hydrocarbon polymerization, esterification, (de)hydration, disproportionation, 

hydrolysis, oxidation, acylation and alkylation processes. The use of clay materials 

made these processes environmentally friendly, because they can be performed in 

mild conditions. These solids present a high surface area and acidity, and for this 

reason the acid activation has been considered as an alternative and competitive 

method for the preparation of porous silicas with a high specific surface area.28 

Synthetic saponites have been also employed for environmental remediation, 

particularly for the decontamination of hazardous materials as chemical warfare 

agents (CWAs). The development of adequate techniques for the destruction of 

CWAs with environmentally safe methods is attracting more and more attention. 

While conventional abatement methods have a strong environmental impact and are 

associated with high energy consumption and disposal costs, lamellar materials are 

considered cheap and reliable alternative. Advantages such as high strength, 

excellent chemical versatility and very low production costs make these catalysts 

really promising for the oxidative degradation of CWAs. In the last years, Carniato 

et al.48 have developed heterogeneous niobium-loaded saponite catalysts capable of 

triggering selective oxidation reactions and transforming highly toxic CWAs into 

nonnoxious products with reduced environmental impact (Figure 17B). 
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Figure 17. A) Schematic representation of the Förster resonance energy transfer 

(FRET) process inside an optical-functionalized saponite clays.46,47 B) Schematic 

view of the structure of a niobium-containing saponite used for the decontamination 

of CWAs.48 

Thanks to their excellent chemical versatility, it is expected that the development 

of advanced layered materials based on the combination of synthetic saponites and 

different compounds (i.e. metal complexes, ions, organic molecules…) will continue 

to grow in the future.50 
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2 

Outline  

 

Figure 1. 

 

The Ph.D. Thesis’ work is related to the development of novel nanostructured 

multifunctional layered materials based on synthetic saponite clays containing 

lanthanides (gadolinium and europium) and catalytic transition metals (niobium) 

centres. These novel materials were designed with the idea of being applied in 

different scientific fields, from environmental to catalysis and in the nanotechnology. 

Proper modifications of the characteristic features of the saponite at three different 

domain levels (morphology and particle size, composition of the interlayer space and 

inorganic framework), made it possible to easily integrate in the clay the metal 
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elements selected, in form of complexes or ions, leading to the preparation of 

interesting functionalized layered solids (Figure 1). The properties of these novel 

lamellar materials were exploited in different advanced applications (Figure 1). The 

samples were prepared by applying or modifying existing hydrothermal protocols or 

by defining brand-new synthetic procedures. The materials were deeply 

characterized by means of a multi-technique approach, aiming to determine their 

final physico-chemical properties, especially considering their future applications. 

 

In the first part the research work, two synthetic Na+-exchanged saponite clays 

were employed as cheap and efficient solid sorbents for the extraction of lanthanides 

with different ionic radius (La3+, Gd3+ and Lu3+) from aqueous solutions, exploiting 

an ion-exchange process. The saponite samples were synthetized by simple 

hydrothermal approach and they were characterized by different particle size and 

cation exchange capacity. A relationship between the uptake capability and the 

physico-chemical properties of the saponite clays was observed. The materials 

showed good sorption capacity with an effective extraction of the lanthanides after 

few hours in pure water and in simulated freshwater/seawater solutions. The solids 

were tested in the presence of an equimolar mixture of lanthanum, gadolinium and 

lutetium and a marked selectivity for the latter, which presents the lowest ionic 

radius, was observed compared to the other ions. 

 

Then, three paramagnetic cationic Gd3+-chelates and one diamagnetic with Y3+, 

with different molecular geometries and properties based on three macrocycle 

derivatives, were intercalated in the interlayer space of a nanosized saponite clay by 

cation-exchange process. The materials were designed in order to increase the 

knowledge on the chemistry of the interlayer space of the clays (i.e. accessibility of 

exchanges sites…) and for potential applications in diagnostic (MRI) and 

theranostics, as catch-and-release systems for the purification of surface waters and 

for the study of the diffusion phenomena of liquids inside layered systems. 
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Structural, morphological and thermal analyses indicated that complexes are 

firmly confined in the interlamellar region of the hybrid materials. 1H-NMR 

relaxometric and solid-state NMR investigations provided interesting insights on the 

chemical nature and accessibility of exchange sites to water molecules, on the 

molecular dynamics of water inside the saponite gallery and on the molecular 

organization of the intercalated metal chelates. The confined complexes are defined 

by an anisotropic and markedly slowed molecular motion that increase the 

longitudinal relaxivity at high magnetic fields. The effective exchange rate of the 

water bound/interacting to gadolinium slows down, suggesting a decrease of water 

diffusion along the interlayer due to strong host-guest interactions between the 

complexes/water and the layered structure. The chelates are also positioned near the 

tetrahedral layers of saponite, with a parallel organization to the lamellae. This 

behaviour explains the remarkable stability observed in aqueous media with varying 

complexity (i.e. human serum...).  

 

Subsequently, in order to overcome the limitations observed for the development 

of previous intercalated clays (associated to the long preparation times and relatively 

high costs of the complexes), two different lanthanides gadolinium and europium, as 

ions, were directly inserted in the tetrahedral in-framework positions of synthetic 

saponites, through an innovative one-pot hydrothermal procedure. The presence of 

the two lanthanides confer to the final materials paramagnetic and luminescent 

properties, which can be exploited synergistically for i) several applications in 

optoelectronic and diagnostic fields and ii) in order to have a more comprehensive 

view of the chemical environment surrounding the lanthanides itself. 

Structural, morphological and 27Al solid-state NMR analyses confirm the 

inclusion of the metals in the tetrahedral layers, thus they are more accessible to 

water molecules inside the interlayer space. Photophysical analyses, performed at 

solid state and in aqueous suspensions, provided insights on chemical/geometrical 

nature of the environment around the metal centres. The gadolinium to europium 
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energy transfer observed also increased luminescence of the europium sites. The 

emission of the europium was further photosensitized by Förster resonance energy 

transfer process through coordination of an antenna ligand (1,10-phenantroline), 

introduced in the interlayer space. 1H-NMR relaxometric analyses in aqueous phase 

indicated that the inner-sphere waters molecules exchange quickly with the intra-

interlayer water molecules, then diffuse through the lamellae channel and slowly 

exchange with the bulk water outside the lamellae. Therefore, the diffusion is the 

rate-limiting step of the overall relaxation effect. The structure of the materials 

proved to be robust even in harsh conditions (i.e. EDTA solution). 

 

In the last section, starting from a previous work concerning the application of 

niobium-containing saponites for the decontamination of blistering chemical warfare 

agents, two novel bifunctional niobium & europium-containing synthetic saponites 

were developed. The luminescence properties of europium were exploited for the 

optical detection of the blistering agent simulant of mustard gas named (2-

chloroethyl)ethyl sulphide (CEES), while the niobium centres (in addition to the 

surface acidity of the clays) were employed for the catalytic oxidative abatement of 

the organic compound. The tests were performed in simple conditions, in water 

medium at neutral pH, room temperature and atmospheric pressure and with the aid 

of a mild oxidant (aq. hydrogen peroxide). The samples were prepared by 1) ion-

exchange with europium ions of a niobium-saponite clay and 2) one-pot 

hydrothermal synthesis in which both europium and niobium were directly inserted 

in the tetrahedral in-framework positions of the saponite. 

Information on coordination of Nb5+ centres, surface acidity and photophysical 

features were extrapolated from a multi-technique approach. The CEES abatement, 

tested in liquid-phase under batch conditions, was monitored with UV-Vis-NIR and 

1H-NMR techniques. The materials were able to decompose from 70 to 90% of 

CEES after 24 h. The presence of europium in the structure did not inhibit the 

catalytic performance of the catalysts. Optical detection tests showed than both 
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materials were able to rapidly and effectively detect the presence of CEES in water 

after few seconds, as showed by decrease of intensity of main emission band of 

europium, sensible to interaction with the simulant. 

 

In conclusion, in this Ph.D. work novel lanthanide-based multifunctional layered 

clay materials were successfully designed and thoroughly characterized, with 

potential applications in diagnostic techniques (magnetic/optical imaging), 

luminescent devices (sensors for hazardous compounds as chemical warfare agents), 

catch-and-release systems for water purification (from metals as lanthanides) and, 

ultimately, to expand the overall knowledge on the properties of the layered systems. 
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3 

“Synthetic Saponite Clays as 

Promising Solids for Lanthanide 

Ions Recovery” 
 

In this chapter, the use of synthetic saponite samples for the recovery of lanthanide ions, 

with different ionic radius (lanthanum, gadolinium and lutetium), from water solutions was 

explored, exploiting a simple cation exchange-based extraction process at room temperature 

and in static contact conditions between the solid sorbents and the ions. 

The saponite clays, prepared through a simple and low-cost hydrothermal approach, 

were characterised by different particle size, specific surface area and cation-exchange 

capacity. 

The metal uptake tests were performed over time in several aqueous solutions with 

varying complexity (pure water and simulated freshwater and seawater solutions), in the 

presence of fixed concentrations of the lanthanide selected or in a mixture of all the three 

metals (see Figure below). Preliminary studies related to the recovery of these ions from the 

clays were also explored. 
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3.1 Introduction 

Lanthanides (Ln3+), including scandium and yttrium, are commonly known as rare-

earth elements (REEs) and make a unique contribution to various economically 

relevant important worldwide technologies owing to their unique electronic, 

magnetic, optical and catalytic properties.1 Over the last decades, REEs have found 

a practical key role in a very broad range of different scientific and technological 

fields, in particular for the development of energy-efficient devices (i.e. phosphors 

for light-emitting diodes, LEDs, and luminescent sensors, novel batteries, solar 

panels, lasers and superconductors)2,3 as well as in biomedical applications (i.e. 

magnetic resonance (MRI) and optical imaging).4-6 

REEs have therefore acquired an ever-increasing strategic importance at 

worldwide level: however, their availability on the planet is often inhomogeneous, 

since they are located in specific areas of the world, with low concentrations in the 

mineral ores.7 Moreover, REEs have no established biological role and their 

accumulation in the environment could be a critical problem to be assessed in the 

future. Some evidences have already put emphasis on REEs s emerging contaminants 

able to diffuse into the environment through waste water from health-care facilities, 

uncontrolled leachate solution from electronic waste or industrial effluents.8 For 

example, non-negligible levels of gadolinium ions (Gd3+) have been found in surface, 

sewage and ground water of the urban area of Berlin9 and in the San Francisco Bay9 

due to anthropogenic use. For these reasons, both the European Union and the United 

Nations Environment Program (UNEP) classify REEs as critical raw materials for 

the current and future worldwide economies.10,11 

Currently, most of the available REEs is supplied by primary mining, while their 

recovery is still very limited.7 Recycling processes for REEs from aqueous solutions 

are generally based on liquid-liquid (LLE) or liquid-solid (LSE) extractions,12 the 

former being the most commonly used method, thanks to its good general selectivity 

and separation performance.7 Different types of ligands, functionalized with 
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carboxylic or sulfoxide groups, quaternary ammonium salts with chelating agents 

like ethylenediaminetetraacetic acid (EDTA) or amide/amine species are also used 

in combination with the chosen solvent for the recovery of REEs with LLE 

treatments, especially from electronic waste materials.13-18 However, LLE methods 

normally require multiple sequential extraction steps in continuous or in batch 

systems to attain the necessary purity, and generally they need large amounts of 

harmful and expensive extractants.19 Nevertheless, current solvent extraction 

methods are still insufficient to meet the current and, especially, future economic 

expectations and environmental guidelines associated with the recovery of REEs 

from conventional aqueous waste flows.  

Liquid-solid (LSE) extraction process can be thus considered a valid alternative 

to LLE methods.20 Indeed, some solid sorbents have been selected for their high 

chemical affinity towards f-block species or for their different capture mechanisms 

(i.e. ion-exchange, adsorption, complexation), which could lead to lower extraction 

time as well as reduced maintenance and operating costs.21 A wide range of solid 

sorbents have been proposed in the literature, such as porous silicas,22 carbon 

materials,23 metal oxides24 and metal-organic frameworks (MOFs).25 

A common strategy adopted to further improve the extraction process with these 

solid sorbents is the addition of chelating agents, which can selectively capture 

specific lanthanides.26 Functionalized mesoporous silica-based materials proved to 

be quite promising for the selective capture and removal of heavy metals, due to their 

high surface areas and abundant presence of silanol groups on the surfaces, resulting 

in greater enhanced adsorption capacities over non-modified systems.27 Mesoporous 

nanoparticles based on MCM-41 modified with maleic anhydride and KIT-6 silica 

with diglycolylamide (DGA), 3,6-dioxaoctanodioic acid and diamide phthalate (1,2-

PA), for example, have been employed in this field.14,15,28-31 MCM-41 was 

functionalized with maleic anhydride, in order to improve the regeneration stability 

of the silica matrix, and showed good selective bonding characteristics towards 

several lanthanide elements, especially Eu3+ and Gd3+. KIT-6 mesoporous silica 
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functionalized with DGA and derivatives exhibited remarkable sequestration 

performance of lanthanides from aqueous solutions. Chitosan-silica hybrid materials 

functionalized with chelating agents, such as diethylenetriaminepentaacetic acid 

(DTPA) and EDTA,32 and magnetic iron-nanoparticles coated with a silica shell and 

loaded with DTPA (dMNP-DTPA)33 were also tested in the capture of lanthanides 

from water. Chitosan-silica materials showed better uptake performance for lighter 

metals, while dMNP-DTPA nanoparticles proves to be more selective towards 

heavier elements. 

Natural clays have been used effectively as economic adsorbents for some metals 

and pollutants, due to their high abundance in natural environments. These solids 

generally feature an ion-exchange process for the recovery of metal ions. In 

particular, Ln3+ ions undergo hydrolysis on the interlayer surface of clays,34,35 thus 

achieving a good capture performance if compared to porous-like sorbents.36-38 

Several examples on the use of clay minerals for the recovery of both lanthanides 

and actinides ions from the nuclear waste were discussed in the literature.34,35 For 

example, natural smectites and bentonites, due to their large cation exchange 

capacity, were tested for the ionic exchange of radionuclides (i.e. neptunium) 

solution with interlayer cations.35 

However, natural clays also present impurities and, generally, show less 

controlled or tuneable physico-chemical properties with respect to their synthetic 

counterparts,36,37 which can affect the capture process. In recent years, synthetic 

clays have been chosen for a large number of applications as a result of their unique 

physico-chemical properties, such as high chemical versatility and thermal stability, 

controlled chemical composition, particles size, adjustable aggregation and textural 

features, large availability and very low production costs.39,40 

In the light of these considerations, two different synthetic cationic saponite 

samples were examined in this chapter as solid sorbents for the ionic extraction of 

three lanthanides with similar ionic charge, but different radius (lanthanum/La3+, 

Gd3+ and lutetium/Lu3+). It is worth noting that most chemists include lanthanum in 
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the lanthanide series because, although it does not fill the 4f subshell, its properties 

are very similar to those of the Ln3+. Clays differ in terms of particle size and cation-

exchange capacity (CEC). The uptake of Ln3+ was tested in pure water as well as in 

simulated freshwater and seawater solutions, at different concentrations of 

lanthanide ions. In addition, the exchange capability of the solids was evaluated in 

the simultaneous presence of an equimolar mixture of La3+, Gd3+ and Lu3+ ions, 

aiming to investigate the selectivity properties of the saponite clays for lanthanide 

ions with different ionic radius. Such studies on the recovery of Ln3+ ions from 

saponite clays showed encouraging results. The study provides a basis for the 

development of novel synthetic solid sorbents based on lamellar materials for the 

extraction of ubiquitous dispersed lanthanide pollutants from environmentally-

relevant aqueous media. 

 

3.2 Experimental Approach 

3.2.1 Materials 

Two synthetic saponite clays with different particles size and cation-exchange 

capacity  were prepared through a simple and cheap hydrothermal method, 

previously optimized in our laboratories, by using two different  H2O/Si molar ratio 

in the synthesis gel: 20 (SAP-20) and 110 (SAP-110).41 Both samples underwent an 

ion-exchange step in saturated sodium chloride (NaCl) solution in order to replace 

the cations located in the interlayer space (i.e. Al3+, Mg2+, H+) with Na+ ions. This 

process was chosen to ensure a chemical uniformity of the exchange sites in the final 

saponite clays. 

• Synthesis of SAP-20 and Na-SAP-20 clays: SAP-20 was synthesized following 

the hydrothermal procedure reported in the literature by Costenaro et al.41 A gel 

with [SiO2:MgO:Al2O3:Na2O:H2O] 1:0.835:0.056:0.056:20 molar composition 

was prepared. In detail, 11.91 g (0.19 mol) of amorphous silica (SiO2 fumed, 
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99.8%) were gradually dispersed in a solution prepared by dissolving 0.93 g (0.02 

mol) of sodium hydroxide (NaOH) in 58.20 g (3.23 mol) of ultrapure water 

(equal to 5/6 of the total water content). The obtained gel was then mixed 

accurately. After 1 h, 37.78 g (0.18 mol) of magnesium acetate tetrahydrate 

(Mg(CH3COO)2∙4H2O, 99%) and 4.71 g (0.02 mol) of aluminium isopropoxide 

(Al[OCH(CH3)2]3, ≥ 98 %) were added to the reaction mixture, along with the 

remaining ultrapure water (16.36 g, 0.91 mol). After 2 h, the gel, with a pH 

between 8-9, was introduced into a Teflon cup (125 mL capacity) of an autoclave 

(Anton Paar 4748) and heated in an oven for 72 h at 240 °C. The water amount 

used to prepare saponite gel was chosen in relation to the quantity of silicon 

within the gel: a H2O/Si molar ratio of 20 was here used. After the hydrothermal 

treatment, the product was filtered, washed with hot water up to neutral pH and 

dried in an oven overnight at 100 °C. The so-produced material called SAP-20 

(10.80 g of white powder) was submitted to cation-exchange procedure (in order 

to ensure a chemical uniformity of the exchange sites): 2.50 g of SAP-20 were 

dispersed in 250 mL of saturated NaCl solution for 36 h at 25°C in order to 

replace all cations of the interlayer space (i.e. Al3+, Mg2+, H+) with Na+ ions. 

Then, the solid (named Na-SAP-20) was filtered, washed with hot ultrapure 

water until the complete elimination of chlorides (confirmed by AgNO3 spot test) 

and dried in an oven overnight at 100 °C. 

• Synthesis of SAP-110 and Na-SAP-110 clays: SAP-110 was prepared by 

adopting the same procedure used for the synthesis of SAP-20, but with a 

different H2O/Si molar ratio (= 110).41 

 

3.2.2 Simulated aqueous solutions 

• Preparation of Simulated Seawater Solution: 23.926 g of NaCl (409.392 

mM), 4.008 g of sodium sulphate (Na2SO4; 28.217 mM), 0.677 g of potassium 

chloride (KCl; 9.081 mM), 0.196 g of sodium hydrogen carbonate (NaHCO3; 

2.333 mM), 0.098 g of potassium bromide (KBr; 0.824 mM), 0.026 g of boric 
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acid (H3BO3; 0.420 mM) and 0.003 g of sodium fluoride (NaF; 0.071 mM) were 

dissolved in 1 L of ultrapure water.42-44 

• Preparation of Simulated Freshwater Solution: 0.375 g of magnesium 

sulphate heptahydrate (MgSO4∙7H2O; 3.043 mM), 0.048 g of NaHCO3 (1.143 

mM), 0.0075 g of calcium chloride dihydrate (CaCl2∙2H2O; 0.102 mM), 0.200 g 

of NaCl (6.844 mM), 0.015 g of KCl (0.402 mM) and 0.030 g of calcium sulphate 

dihydrate (CaSO4∙2H2O; 0.348 mM) were dissolved in 0.500 L of ultrapure 

water.45 

  

3.3 Results and Discussion 

3.3.1 Characterization of saponite materials 

The chemical composition of the clays determined by inductively coupled plasma 

atomic emission spectrometry (ICP-AES) analysis is significantly different. The 

amount of Na+ ions in Na-SAP-20 and Na-SAP-110 is 0.5 mmol/g and 0.3 mmol/g, 

respectively. The aluminium loading, distributed in the tetrahedral and octahedral 

layers of Na-SAP-20 is 1.1 mmol/g in agreement with data reported in the literature 

for parent saponites.41 A significant increase of Al3+ concentration is observed 

moving from Na-SAP-20 to Na-SAP-110 (1.4 mmol/g). Such behaviour, already 

documented for the same materials previously and studied by 27Al solid state NMR, 

is related to a different amount of tetrahedral and octahedral aluminium sites.41 For 

Na-SAP-110, a predominance of octahedral Al3+ sites was recorded. These results 

can explain the different cationic exchange capacity of the two clays. 

The structural features of Na+-exchanged saponites named Na-SAP-20 and Na-

SAP-110 were analysed by X-ray powder diffraction (XRPD), and both solids 

showed the typical signals of the pristine saponite clay (Figure 1).41,47 In particular, 

the position of the (060) plane at 60.5° 2 is indicative of the presence of 2:1 T-O-T 

tri-octahedral layered structure.41,47As previously observed,47,49 the basal reflection 
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(001) of Na-SAP-20 (Figure 1, a) is more intense and resolved than that of Na-SAP-

110 (Figure 1, b), because of the higher structural order along the c-axis. 

 

Figure 1. X-ray powder diffraction profiles of Na-SAP-20 (a) and Na-SAP-110 (b). 

The morphological properties of Na-SAP samples were investigated by high-

resolution transmission electron microscopy (HRTEM), which showed different 

levels of spatial organization of the lamellae, from single crystal structures with 

sheet-like morphology to aggregates, with formation of tactoids of different size 

(Figure 2). The dilution of the synthesis gel had an evident effect on the particles 

size: Na-SAP-110 showed lamellae with size of ca. 50 nm (Figure 2A), while Na-

SAP-20 is characterized by particles with sub-micrometre size (Figure 2B). 

 

Figure 2. HRTEM micrographs of Na-SAP-110 (A) and Na-SAP-20 (B). 
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The textural features of Na-SAP samples were investigated by N2 physisorption 

analysis at 77 K (Figure 3). The samples showed type IV isotherms (IUPAC 

classification), typical of micro- and meso-porosity, with H3 hysteresis loops, 

indicative of aggregates of lamellae that generate such mesoporosity.41 The specific 

surface area (SSA) was found to be 213 m2/g and 353 m2/g for Na-SAP-20 and Na-

SAP-110, respectively, as estimated by the Brunauer-Emmett-Teller (BET) 

algorithm. These values are in line with those found for saponites previously 

published.41 

 

Figure 3. N2 adsorption/desorption isotherms at 77K of Na-SAP-20 (a) and Na-SAP-

110 (b). 

The cationic exchange capacity (CEC) of saponite samples, evaluated through the 

classical UV-Vis-NIR method reported in literature,47,48 was estimated to be 87.9 ± 

2.3 meq/100 g for Na-SAP-20 and 37.3 ± 1.8 meq/100 g for Na-SAP-110, with 

values in line with previous observations.41 The different CEC value is associated to 

the different amount of Al3+ in the tetrahedral layers. 
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3.3.2 Uptake and recovery tests of lanthanide ions from aqueous 

solutions 

Lanthanum (La3+), gadolinium (Gd3+) and lutetium (Lu3+) cations were selected 

as representative of the lanthanide series in order to evaluate the uptake performance 

of the saponite samples from environmentally-relevant aqueous solutions. The three 

elements were selected according to their different ionic radius, which decreases 

across the lanthanide series from La3+ (1.06 Å/106 pm) to Lu3+ (0.85 Å/86 pm). The 

metal uptake process for cationic clays is mainly based on the ionic exchange 

between the Na+ ions in the interlayer space and the lanthanide ions dissolved in 

aqueous solution.49,50 An important ionic interaction between the negative tetrahedral 

sites of the lamellae (exchange sites) and the lanthanide cations takes place during 

the intercalation process. However, some adsorption processes (i.e. on the surface of 

lamellae) can also be involved in the capture of lanthanides from water. The 

exchange mechanism depends on several parameters, such as the cation-exchange 

capacity (CEC) of the clay, the particle size of solid and the charge/radius ratio of 

the metal ions.49,50 

The metal uptake experiments were carried out in three aqueous solutions with 

varying complexity, in pure water and simulated freshwater and seawater solutions 

(see Paragraph 3.2.2 for preparation of the two simulated waters), with a fixed 

concentration of the lanthanide ion selected (individually or in a mixture of all the 

three elements). The tests were performed at room temperature (25 °C) and in static 

contact conditions between the solid clays and the metal ions (n.b.: no stirring). In 

detail, 15 mg of Na-SAP were added to 1 mL of aqueous solutions of chloride salts 

of lanthanides (Gd3+, La3+ and Lu3+) with different concentrations (10 mM and 0.1 

mM), at pH 6.5. Under these pH conditions, more than 90% of lanthanide ions exists 

in solution as aquo-complexes.50 The Gd3+-uptake test was also performed for both 

Na-SAP-20 and Na-SAP-110 in simulated freshwater and seawater solution (10 

mM). Selectivity tests were also carried out in pure water and simulated freshwater 

water solutions with a concentration of 3.33 mM of each lanthanide ions (Gd3+, La3+ 
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and Lu3+), for a total of 10 mM, at neutral pH. The experiments were carried at 25°C 

in a thermostatic sand bath, with the global system kept under static conditions. The 

uptake tests were monitored over the time until 5 h or 24 h, by analysing the amount 

of lanthanide ion remained in solution, after elimination of the powder by filtration. 

The amount of Ln3+ remained in solution during tests was quantified by ICP-AES 

analysis. The uptake efficiency for Na-SAP samples was identified by the mass 

weighted distribution coefficient (Kd) parameter.46 

Preliminary recovery tests of the lanthanides extracted by saponite solids were 

also explored. The solids were dispersed in a saturated NaCl solution and then 

sonicated in order to facilitate the release of the ions in water, trying to reconstitute 

the initial chemical composition of the interlayer space at the same time, thus 

regenerating the clay for subsequent extractions. In detail, Na-SAP-20 and Na-SAP-

110 solids employed in the uptake tests of Gd3+ in pure water solution ([Gd3+] = 10 

mM) were dried and added to 1 mL of saturated NaCl at neutral pH and sonicated 

for 1 h. The amount of Gd3+ released in solution was determined by ICP-AES 

analysis. 

In the first step, the uptake of lanthanides was evaluated in pure water solution at 

neutral pH and 25 °C with concentration of metal ions fixed at 10 and 0.1 mM. The 

uptake was monitored over time by measuring the metal concentration remaining in 

solution after clay filtration, by means of ICP-AES analysis. In addition, we 

extrapolated the mass-weighted distribution coefficient (Kd) for each test in order to 

further compare the uptake performance of the Na-SAP solids to other materials 

reported in the literature. This parameter is normally adopted to compare the metal 

sequestration performance of different systems.46 The Kd parameter was calculated 

by the following equation (1):46 

𝐾𝑑 = (
𝐶𝑖−𝐶𝑓

𝐶𝑓
) ∙ (

𝑉

𝑚
)  (1) 
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where Ci is the initial concentration (mM) of the lanthanide ion in the solution, Cf 

is the final concentration (mM) of ions left after the uptake, V is the volume of the 

solution (mL) and m is the mass (g) of solid sorbent used in the uptake tests. 

The first test was carried out in a pure water solution containing 10 mM of Gd3+ 

ions (Figure 4A). The correlation between the concentration of Gd3+ left in solution 

and the contact times is described by an exponential decay, with an evident reduction 

of the Gd3+ concentration in the first 30-60 min of time, especially for Na-SAP-20 

(a), followed by a slight decrease from 1 to 5 h (‘plateau-like’ behaviour). At the end 

of the experiment, the Na-SAP-20 sample extracted 4.33 mM of Gd3+, corresponding 

to 43.3% of the initial concentration. Interestingly, the amount of recovered metal 

ions corresponds to the complete cationic exchange capacity of the clay. The uptake 

of Na-SAP-110 (b) was lower than the previous sample and only 1.79 mM, 

corresponding to 17.9% of the initial concentration, were extracted. In this case too, 

however, 99.2% of the exchange sites of clay were involved in the exchange process. 

The difference observed is mainly due to the reduced CEC of Na-SAP-110 in 

comparison to Na-SAP-20 (Figure 4A and Table 1). The data were quantitatively 

analysed by a parabolic diffusion model that describes the diffusion-controlled event 

in clays (Figure 4C).50 The model is described by the following equation: 

(
(1−

𝑀𝑡
𝑀0

)

𝑡
) − 𝑘𝑡−0.5 +𝑚 (2) 

were M0 and Mt are the amount of Gd3+ ions in the clays at time “0” and “t”, 

respectively, k the rate constant and m a constant of which chemical significance is 

not clearly resolved.50 The k values extrapolated by the data obtained for Na-SAP-

20 and Na-SAP-110 were 0.48 and 0.11 s-1, respectively.   

The uptake was also performed in a diluted solution containing 0.1 mM of Gd3+ 

ions (Figure 4B). Both clays showed similar behaviour with a fast Gd3+ uptake during 

the first 30 min followed by a plateau after 1 h. The rate constant (k) calculated for 

both Na-SAP-20 and Na-SAP-110 was in this case 0.63 and 1.1 s-1, respectively. 
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After 5 h, both solids extracted almost the same amount of Gd3+, with values of 0.053 

mM (53.0%) and 0.051 mM (51.0%), corresponding to 1.3% and 2.8% of the CEC 

for Na-SAP-20 (a) and Na-SAP-110 (b), respectively (Figure 4B and Table 1). These 

data suggest that the uptake significantly decreases in diluted solution for both 

saponites. 

   

 

 

C 
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Figure 4. Molar and weight concentration (mM and wt.%) of Gd3+ in pure water 

solutions (10 mM (A) and 0.1 mM (B)) after uptake with Na-SAP-20 (a, -▼-) and 

Na-SAP-110 (b, -●-) samples, over the time (neutral pH and 25 °C). Plots of the 

kinetic parabolic model for the Gd3+-uptake for Na-SAP-20 (C) and Na-SAP-110 

(B) from aqueous solution (10 mM). 

The uptake values for both Na+-exchanged saponites were also reported in terms 

of milligrams of metal ions extracted per gram of saponite used in the test in Table 

1. In the experiment in the pure water solution at 10 mM of Gd3+ ions, after 5 h of 

contact Na-SAP-20 sample extracted 46.94 mg/g of gadolinium, while for Na-SAP-

110 sample the value is 19.39 mg/g. The different amount captured between the clays 

is related to the higher CEC of Na-SAP-20 compared to Na-SAP-110. In the test at 

concentration of 0.1 mM of Gd3+ ions, instead, both clays removed almost the same 

amount of gadolinium (ca. 0.6 mg/g): these values, however, are much lower than 

the ones found in the tests performed at 10 mM. This behaviour, as suggested before, 

is attributed to the dilution of the aqueous solution which affects the uptake process. 

The amount of Gd3+ ions extracted by the sodium-exchanged saponite samples 

(considering the test at 10 mM) is consistent with the results described in literature 

for other solid sorbents.32,33 

 

 

D 
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Table 1. Gd3+ uptake data for Na-SAP-20 and Na-SAP-110 obtained from pure water 

solutions (10 mM and 0.1 mM of Gd3+ ions) after 5 h. 

[Gd3+] 

solution [mM] 
Sample 

Gd3+-uptake 

[%] 

Gd3+-uptake 

[mg/g] 

10 mM 
Na-SAP-20 43.28 ± 3.41 46.94 ± 1.71 

Na-SAP-110 17.88 ± 3.53 19.39 ± 0.89 

0.1 mM 
Na-SAP-20 53.00 ± 4.01 0.56 ± 0.02 

Na-SAP-110 51.00 ± 2.04 0.54 ± 0.01 

 

The Kd values were calculated from the data obtained after 5 h of contact time 

with a 10 mM solution of Gd3+ ions. The data obtained for Na-SAP-110 (1) and Na-

SAP-20 (2) samples, reported in Figure 5A, were compared to similar cation-

exchange solids like natural clays (kaolinite and montmorillonite, 4-5) and a 

reference synthetic zeolite (Zeolite A, 3) studied in the literature.46,51 The Na-SAP-

110 sample showed the lowest Kd value, whereas Na-SAP-20 exhibited an uptake 

performance comparable to porous Zeolite A and slightly lower than kaolinite. 

Furthermore, both Na-SAP clays presented a better uptake compared to the classical 

liquid-liquid extractions (LLE), which normally employed different metal binding 

molecules such as 1,2-DOPA,18 TODOODA15and TOFDGA15 (Figure 5B). 

  

Figure 5.  (A) Comparison of Kd values for Gd3+ (10 mM, 5 h) for Na-SAP-110 (1), 

Na-SAP-20 (2), Zeolite A (3), natural layered solids (kaolinite and montmorillonite) 

A 
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(4, 5) and TOFDGA.15,46,51 (B) Kd values of some compounds employed in the liquid-

liquid extraction of Gd3+ ions.15,18 

Preliminary studies on the recovery of Gd3+ ions from the saponite clays were also 

carried out. The experiments were performed on Na-SAP solids tested before in the 

pure water solution of Gd3+ at 10 mM (after 5 h of contact time). The solids, 

previously dried, were added to 1 mL of saturated solution of NaCl at neutral pH and 

sonicated for 1 h, in order to promote a “re-generation” of clays through a retro-

exchange mechanism of Gd3+ with Na+. The amount of Gd3+ recovered from clays 

was determined by measuring the metal concentration in NaCl solution after clay 

centrifugation, by means of ICP-AES analysis. The Na-SAP-20 releases back in 

solution 1.38 mM of Gd3+ ions, that is 32.0% of the intercalated amount (4.3 mM), 

while for Na-SAP-110 the value was calculated to be 1.31 mM, corresponding to 

73% of the total amount confined in the interlayer space (1.8 mM). The performance 

of Na-SAP-20 is very low if compared to Na-SAP-110 and LLE processes: this can 

be ascribed to the different charge density (higher for Na-SAP-20 → higher CEC). 

Then, the Gd3+ uptake was evaluated in simulated freshwater and seawater 

solutions, containing several ions in different concentrations (Mg2+, Ca2+, Na+, K+, 

Cl-, SO4
2-, HCO3

-) enriched by Gd3+ ions at concentration of 10 mM (Figure 6).  

In the tests performed in the simulated freshwater solution (Figure 6A), the uptake 

kinetics for Na-SAP-20 and Na-SAP-110 appeared to be slightly slower than those 

observed in pure water solution (Figure 4A), with a decrease of the initial 

concentration of Gd3+ ions in the first 30 min, followed by a plateau from 5 to 24 h. 

After 5 h, Na-SAP-20 (a) extracted 4.88 mM of Gd3+ ions, corresponding to 48.8% 

of the initial concentration. Na-SAP-110 (b), instead, was able to extract 2.08 mM 

(20.8%) of Gd3+. Both solids showed an uptake values (Table 2) comparable to those 

observed in pure water solution (Table 1), indicating that the presence of other 

cations in the simulated freshwater solution has a limited effect on the metal uptake. 

All the exchange sites were involved in the process for both clays. 
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Concerning the tests in simulated seawater solution (Figure 6B), Na-SAP-20 and 

Na-SAP-110 samples showed an exponential-like decay uptake kinetics, with a 

noticeable capture of Gd3+ ions in the first 30 min. After 5 h, Na-SAP-20 (a) 

extracted from the solution 21.1% of Gd3+ ions (Table 2), corresponding to 48.0% 

of the total exchange sites. These values are lower than those recorded in the tests in 

pure water and freshwater solutions (Figure 4B and 6A, Table 1 and 2). The marked 

reduction in the uptake performance for this sample, contrary to what was observed 

in simulated freshwater, is probably related to a major competition effect in the 

uptake of the Gd3+ ions by other cations present in the solution, which are in higher 

concentrations than those used for the preparation of the simulated freshwater. The 

Na-SAP-110 (b) sample extracted after 5 h an amount of Gd3+ equal to 17.2% (Table 

2), rather similar to the value obtained over the Na-SAP-20 sample and in the tests 

in pure water and freshwater solutions (Figure 4B and 6A, Table 1 and 2). 

In terms of uptake performance normalized to 1 g of material, after 5 h of contact 

in simulated freshwater solution, Na-SAP-20 sample extracted 49.48 mg/g of 

gadolinium while Na-SAP-110 removed from solution an amount of 21.07 mg/g of 

it (Table 2), similar to the values observed in pure water solution (Table 1). In the 

simulated seawater solution, instead, Na-SAP-20 extracted a lower amount of 

gadolinium than previous tests (only 22.12 mg/g), whereas for Na-SAP-110 sample 

the value calculated was close to the ones obtained in pure water and freshwater 

experiments (18.03 mg/g). 

Na-SAP-20 tends to have a more ordered stacking of the sub-micrometre lamellae 

than Na-SAP-110, thanks to stronger interactions between lamellae due to a higher 

charge density. The two samples display different particles size, from sub-micro to 

nanometric dimensions for Na-SAP-20 and Na-SAP-110 respectively.39,41 Probably, 

these features affect the diffusion processes within the lamellae of Na-SAP-20, 

resulting in a marked competition between the mono- and di-valent ions, which are 

especially present in high concentration in the simulated seawater solution, and the 

Gd3+ ions. 
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Figure 6. Molar and weight concentration (mM and wt.%) of Gd3+ in simulated 

freshwater (A) and seawater (B) solutions (10 mM) after uptake with Na-SAP-20 (a) 

and Na-SAP-110 (b) samples, over the time (neutral pH and 25 °C). 

Table 2. Gd3+ uptake data for Na-SAP-20 and Na-SAP-110 obtained from simulated 

freshwater and seawater solutions (10 mM of Gd3+ ions) after 5 h. 

[Gd3+] 

simulated 

solution [mM] 

Sample 
Gd3+-uptake 

[%] 

Gd3+-uptake 

[mg/g] 

Freshwater 

[10 mM] 

Na-SAP-20 48.77 ± 4.01 49.48 ± 1.98 

Na-SAP-110 20.77 ± 3.71 21.07 ± 0.99 

Seawater 

[10 mM] 

Na-SAP-20 21.10 ± 1.87 22.12 ± 1.96 

Na-SAP-110 17.20 ± 1.70 18.03 ± 1.78 
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The Ln3+-uptake performance of Na-SAP solids were then tested in pure water 

solutions containing other two lanthanides, namely Lu3+ and La3+ (Figure 7). These 

two ions were selected because of their different ionic radius, corresponding to 175 

pm for Lu3+ and 187 pm for La3+, in order to investigate the effect of the ion size on 

the uptake capability of saponites.52 The tests were carried out in pure water solutions 

containing 10 mM of chosen lanthanide. 

The uptake curves of both Na-SAP-20 and Na-SAP-110 for La3+ ions (Figure 7A) 

are similar to those obtained for Gd3+, with a rapid removal in the first 30 min 

followed by a plateau from 1 h to 5 h. After 5 h, Na-SAP-20 (a) extracted 4.88 mM 

of La3+ (48.8%), whereas Na-SAP-110 (b) removed from the solution an amount 

equal to 2.02 mM (20.2%) (Table 3). The same behaviour was observed for the 

lanthanide with smaller ionic radius, Lu3+ (Figure 7B). After 5 h, Na-SAP-20 (a) and 

Na-SAP-110 (b) extracted 4.71 mM (47.1%) and 2.06 mM (20.6%) of Lu3+, 

respectively (Table 3). Both experiments showed that all of the available sites for 

Na-SAP-20 and Na-SAP-110 samples took part in the exchange process. 
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Figure 7. Molar and weight concentration (mM and wt.%) of La3+ (A) and Lu3+ (B) 

in pure water solutions (10 mM of each lanthanide) after uptake with Na-SAP-20 (a) 

and Na-SAP-110 (b) over the time (neutral pH and 25 °C). 

Considering the amount in milligrams of metal removed from the solutions, 

saponite solids extracted, in general, more Lu3+ ions than Gd3+ and La3+ (see Tables 

1 and 3). This behaviour is particularly evident for the Na-SAP-20 sample, which 

showed the capability of removing 54.89 mg/g of Lu3+ and 45.21 mg/g of La3+ as 

reported in Table 3, while extracting 46.94 mg/g of Gd3+ (Table 1). The Na-SAP-

110 sample, instead, removed 23.98 mg/g of Lu3+ and 18.69 mg/g of La3+ (Table 3), 

while for Gd3+ ions the value is of 19.39 mg/g as reported in Table 1. Such results 

suggest a high capacity of saponite clays to capture lanthanides with smaller ionic 

radius, in analogy to what observed for other solids described in the literature.33,53 

Table 3. La3+ and Lu3+ uptake data for Na-SAP-20 and Na-SAP-110 obtained from 

pure water solutions (10 mM of lanthanide ions) after 5 h. 

Lanthanide 

Ions 
Sample 

Ln3+-uptake 

[%] 

Ln3+-uptake 

[mg/g] 

La3+ 
Na-SAP-20 48.82 ± 2.24 45.21 ± 1.12 

Na-SAP-110 20.18 ± 2.06 18.69 ± 0.45 

Lu3+ 
Na-SAP-20 47.06 ± 2.21 54.89 ± 1.31 

Na-SAP-110 20.56 ± 2.05 23.98 ± 0.55 
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The Kd values calculated for Na-SAP-20 and Na-SAP-110 in the uptake of La3+ 

(Figure 9A) and Lu3+ (Figure 9B), after 5 h, were compared to the values reported 

for classical LLE methods15,18 and for some natural clays.34,50,54 The synthetic 

saponites showed uptake performances markedly higher than those observed for 

classical LLE methods for La3+ (Figure 8A) and Lu3+ (Figure 8B).15,18 Na-SAP-20 

and Na-SAP-110 samples showed uptake performances comparable to those of 

natural clays for both La3+ (Figure 9A) and Lu3+ (Figure 9B) elements. 

  

Figure 8. Kd values of some compounds employed in the liquid-liquid extraction 

methods of La3+ (A) and Lu3+ (B) ions.15,18 

 

Figure 9. Comparison of Kd values for La3+ (A) and Lu3+ (B) for Na-SAP-110 (1), 

Na-SAP-20 (2) and different natural clays (3-6).34,50,54 
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Finally, Na-SAP samples were tested in a pure water solution in the presence of 

an equimolar mixture of La3+, Gd3+, Lu3+ ions, each one in 3.33 mM concentration, 

corresponding to a total amount of lanthanide ions of ca. 10 mM. This allowed to 

evaluate the selectivity of saponite samples for ions featuring different ionic radii 

(Figure 10).32,33,53 The uptake selectivity tests for both Na-SAP-20 (Figure 10A) and 

Na-SAP-110 (Figure 10B) were carried out over 24 h. For both samples, the uptake 

kinetics appeared slower than the individual experiments performed in pure water 

solutions (Figure 4 and 7), in a similar manner to what it is observed in the tests in 

simulated freshwater (Figure 6A) and seawater (Figure 6B) solutions for Gd3+ ions, 

with a more marked shift of the plateau zone towards the 5 h range. This effect can 

be attributed to the co-presence of all the three lanthanides in competition with the 

same ion-exchange sites of saponite. Lutetium (a), having the smallest ionic radius, 

was the element mostly retained in both saponites, followed by gadolinium (b) and 

lanthanum (c) (Figure 10A and B, Table 4). Therefore, the amount of each element 

extracted by saponite was lower than the one observed in previous individual uptake 

tests (Tables 1 and 3). Indeed, in terms of uptake performance normalized to 1 g of 

material (Table 4), after 5 h of contact Na-SAP-20 sample extracted 7.96 mg/g of 

lanthanum, 11.49 mg/g of gadolinium and 17.84 mg/g of lutetium. On the other hand, 

Na-SAP-110 removed from aqueous solution a lower amount of each lanthanides 

(6.25 mg/g of lanthanum, 8.38 mg/g of gadolinium and 13.41 mg/g of lutetium). 

A set of experiments was also carried out in simulated freshwater with an 

equimolar concentration of 3.33 mM of lanthanides (total amount of ca. 10 mM) 

(Figure 10C and D, Table 4), showing the same uptake behaviour previously 

observed in pure water solution (Figure 10A and B). 
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Figure 10. Molar and weight concentration (mM and wt.%) of Lu3+ (a), Gd3+ (b) and 

La3+ (c) in aqueous solutions (pure water (A-B) and simulated freshwater (C-D) 

solutions; 3.33 mM of each lanthanide ions, for a total amount of 10 mM) after 

uptake with Na-SAP-20 and Na-SAP-110, over the time (neutral pH and 25 °C). 

Table 4. Selectivity of Na-SAP-20 and Na-SAP-110 for the removal of lanthanide 

ions obtained from aqueous solutions (pure water (A) and simulated freshwater (B); 

3.33 mM of each lanthanide ion, for a total amount of 10 mM) after 5 h. 

Sample 
Lanthanide 

Ions 

Ln3+-uptake 

[%] 

Ln3+-uptake 

[mg/g] 

A) Pure Water 

Na-SAP-20 

La3+ 25.82 ± 4.15 7.96 ± 0.42 

Gd3+ 32.92 ± 4.89 11.49 ± 0.61 

Lu3+ 45.92 ± 5.25 17.84 ± 0.98 

Na-SAP-110 

La3+ 20.28 ± 4.05 6.25 ± 0.33 

Gd3+ 23.99 ± 4.48 8.38 ± 0.46 

Lu3+ 34.53 ± 4.98 13.41 ± 0.75 

B) Freshwater 

Na-SAP-20 

La3+ 35.92 ± 3.15 11.08 ± 0.46 

Gd3+ 39.25 ± 3.89 13.70 ± 0.64 

Lu3+ 47.70 ± 3.51 18.53 ± 0.76 

Na-SAP-110 
La3+ 25.28 ± 3.00 7.79 ± 0.34 

Gd3+ 25.50 ± 3.78 8.90 ± 0.45 

 Lu3+ 33.76 ± 3.50 13.11 ± 0.57 
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3.4 Conclusions 

The uptake of lanthanide ions of different ionic radius (La3+, Gd3+ and Lu3+) from 

different environmentally relevant aqueous solutions (pure water and simulated 

freshwater and seawater solutions) has been evaluated by using two Na+-exchanged 

synthetic saponite clays. The clays, prepared through a classical hydrothermal 

synthesis with different H2O/Si molar ratio (‘110’ for Na-SAP-110 sample and ‘20’ 

for Na-SAP-20 sample), differ in terms of cation-exchange capacity (87.9 ± 2.3 

meq/100 g for Na-SAP-20, 37.3 ± 1.8 meq/100 g for Na-SAP-110), particles size (in 

the sub-micrometer region for Na-SAP-20, ca. 50 nm for Na-SAP-110) and textural 

properties. Both samples, exploiting a cation-exchange process for the extraction of 

the lanthanides from the aqueous solutions tested, showed a good uptake 

performance for the three metal ions analysed, comparable to the one currently 

observed for several natural clays employed in the industry and significantly higher 

respect to the conventional liquid-liquid extraction methods. 

In the individual tests conducted in pure water at concentration of 10 mM of each 

lanthanide, Na-SAP-20 was able to remove larger amounts of lanthanide ions than 

Na-SAP-110, due to its higher cation-exchange capacity. In terms of mg of 

lanthanide ions extracted per gram of solid sorbent used, Na-SAP-20 was able to 

remove from aqueous solutions a general amount of 45-55 mg/g of lanthanides, 

whereas for Na-SAP-110 the values were in between 18-24 mg/g. A promising 

performance was also obtained in the uptake of Gd3+ under simulated freshwater and 

seawater conditions. In simulated freshwater, both clays demonstrated the same 

extraction behaviour observed in pure water. In simulated seawater, instead, Na-

SAP-20 showed a reduced uptake due to its higher charge density, which led to a 

marked competition between the mono- and di-valent ions and the Gd3+ ions in the 

final extraction process. Both saponite clays showed a marked selectivity towards 

lanthanide ions with lower ionic radius, such as lutetium, both in pure water and 

simulated freshwater solutions. Finally, a set of preliminary metal recovery tests in 
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saturated NaCl solution showed promising results in terms of recovery of lanthanide 

ions from an aqueous medium and of regeneration of clays, especially for the Na-

SAP-110 sample. 

In the light of these results and considering the low costs associated with the 

preparation of this class of clays, synthetic saponite samples can be considered an 

attracting alternative to the solids reported so far in the literature for the recovery of 

pollutant lanthanide ions from different environmentally-relevant aqueous solutions. 
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4 

“Solution and Solid-State NMR 

Study of Synthetic Saponite 

Materials Intercalated with 

Lanthanide Chelates” 
 

In this chapter, novel paramagnetic and diamagnetic synthetic saponite clays, bearing in 

the interlayer space positively charged gadolinium and yttrium complexes, were synthetized 

through hydrothermal approach followed by intercalation procedure (see Figure below). 

A detailed characterization was performed to assess the physico-chemical properties of 

hybrid samples, especially to evaluate the stabilization degree of the metal complexes 

confined in the interlayer space of the host clay. 
1H-NMR relaxometric studies in aqueous solution and solid-state NMR experiments were 

carried out to evaluate the local chemical environment of the intercalated metal chelates 

and their interaction with the water molecules and the inorganic framework. The stability 

over time in different aqueous solutions was also evaluated by relaxometric techniques. 

 
(Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 
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4.1 Introduction 

Over the last decade, natural and synthetic clays have been the subject of 

considerable attention for a large number of different applications as a result of their 

unique physico-chemical properties, large availability, low costs and high chemical 

versatiliy.1-3 In particular, synthetic clays, typically prepared by hydrothermal 

methods,1 show more controlled chemical composition and particles size, 

aggregation and textural features than natural counterpart minerals. For these 

reasons, they proved to be excellent versatile materials and they are generally 

preferred for nanotechnology applications spanning from agriculture and surface 

coatings to environmental purposes, particularly as adsorbents, ion exchangers and 

water decontaminants.4-5 Among the family of smectite clays, synthetic saponite was 

largely studied because of its high specific surface area, acidic properties and thermal 

stability.1 These properties make them of great interest for catalysis and polymer 

science applications. Over the last few years, saponite clays have been employed as 

heterogeneous catalysts for controlled oxidation reactions6-7 and as additives for the 

preparation of polymer nanocomposites especially based on polyolefines.8,9 More 

recently, clays have also been used for the immobilization of luminescent organic 

dyes with the aim of making the final composite materials suitable for optical and 

optoelectronic applications.10-12 All these examples indicate the possibility of 

developing clays with innovative properties through the proper selection of the guest 

species with different functionalities (i.e. metal ions, organic surfactants or dyes). 

Along this direction, the introduction of f-block elements (i.e. ions or related 

complexes) may lead to clays with additional optical and/or magnetic features. The 

combination of layered materials with f-block elements have been only marginally 

investigated and the studies in the literature are mainly related to the preparation of 

paramagnetic and luminescent systems.13-15 For instance, the intercalation of 

lanthanide chelates (based on europium, Eu3+, and terbium, Tb3+) in clay minerals 

was adopted to prepare luminescent hybrid materials with improved properties in 
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terms of high chemical stability and enhanced light-emission.16-17 Among these types 

of luminescent clays, some solids have found applications for the fingerprints 

detection,18 while others have been tested as chemical sensors for the selective 

identification of different organic species such as biothiols (i.e. glutathione)19 or 

cationic surfactants.20    

Unmodified aluminosilicates clays and zeolite when combined with gadolinium 

(Gd3+) ions  were also proposed as oral magnetic resonance imaging (MRI ) contrast 

agents (CAs) for the gastrointestinal tract.21 For instance, Balkus and co-workers22,13 

and Sur et al.23 investigated the relaxation behaviour of aqueous suspensions of 

hectorite and zeolite NaY, after ion-exchange with Gd3+, in view of their potential 

use as MRI probes. Despite the good stability of these materials, the risk associated 

to the release of toxic Gd3+ ions in physiological conditions is particularly relevant. 

This has been partly overcome in the case of zeolite materials, through the treatment 

of such solids with EDTA (ethylenediaminetetraacetic acid) and DTPA 

(diethylenetriaminepentaacetic acid) ligands, able to coordinate the metal ion within 

the supercages.23 The result was an increase in the chemical stability of the final 

material. Therefore, the direct confinement of thermodynamically stable and 

kinetically inert Ln(III) complexes in host materials would allow the safe use for 

final environmental and biological applications. 

Following this approach, in this chapter different stable cationic Gd3+-chelates 

were confined in the interlamellar region of nanosized saponite clays. The choice of 

the Gd3+ ion is motivated by its well-known excellent properties as relaxation agent, 

due to the high value of the magnetic moment combined with a particularly long 

value of the electronic relaxation times.24 In principle, the introduction of Gd3+ 

cations in the layered host should enable to obtain relevant information on the 

chemical nature of the intercalation compound. Indeed, by measuring the relaxation 

rate of water protons, enhanced through short- and/or long range dipolar interactions 

with Gd3+ species in the interlayer space of saponite, additional information on the 

accessibility of the exchange sites of intercalated samples and diffusion of water 



Chapter 4 

 
66 

molecules can be derived.25 Such information can be extended to the comprehension 

of other intercalated materials based on different Ln(III) compounds.  

In the first part of this study we have selected two positively charged Gd3+-

complexes that differ in the coordination geometry and hydration state of the metal 

ion. The complexes are based on amino-functionalized derivatives of the 

macrocyclic DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; 

GdL1)26,27 and AAZTA (6-amino-6-methylperhydro-1,4-diazepine-N,N’,N”,N”-

tetraacetic acid; GdL2)28 (Figure 1). Both GdL1 and GdL2 show high 

thermodynamic stability and good kinetic inertness. The selection of these 

complexes was carried out in consideration of their following distinct characteristics: 

1) although the complexes possess an overall charge “+1”, the charge distribution is 

different. In GdL1 the positive charge is localized on the terminal amino group of 

the pendant arm, while the coordination cage is neutral. On the other hand, GdL2 

features a negatively charged coordination cage and two positive charges on the 

pendant polyamine moiety. Thus, it is important to highlight possible differences in 

the final intercalated materials. In addition, 2) GdL1 and GdL2 are expected to 

exhibit a remarkably different relaxometric behaviour, because characterized by a 

different number of inner-sphere water molecule(s) (q = 1 for GdL1 and q = 2 for 

GdL2) with different water exchange rate. A detailed 1H-NMR relaxometric study 

as a function of temperature and applied magnetic field strength was undertaken on 

the Gd3+-complexes before and after intercalation into the clays. The structural and 

relaxometric properties of these novel paramagnetic materials, hereafter named 

GdL1/SAP and GdL2/SAP, were then thoroughly investigated. 

Moreover, in order to have a more comprehensive evaluation of the molecular 

dynamics of water in the interlamellar region of saponite and to investigate in detail 

the structural/chemical interactions between complex/water molecules and layered 

framework, the molecular organization of second-sphere water molecules around 

paramagnetic centres and the structural defects of clay, a combined multi-technique 
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study by 1H-NMR relaxometric and solid-state NMR (ssNMR) analyses was 

employed in the second part of this study.  

For this purpose, chelates based on a novel TETA (1,4,8,11-

tetraazacyclotetradecane)29,30 monoamide derivative coordinated to gadolinium and 

yttrium ion (GdL0 and YL0, respectively, Figure 1) were prepared, together with the 

respective intercalated saponites (called GdL0/SAP and YL0/SAP). These 

complexes have been selected because they present no water molecule(s) bound to 

the metal centre (q = 0): in this way, specific insights on the diffusion mechanisms 

of water molecules in the saponite gallery can be derived from the relaxometric 

analyses. Yttrium, instead, was chosen because it shares with Gd3+ similar ionic 

radius (Y3+ r = 240 pm, Gd3+ r = 238 pm) and coordination chemistry . Furthermore, 

89Y isotope is an NMR-active nucleus with diamagnetic properties and comparable 

low gyromagnetic ratio () to gadolinium. 

 

Figure 1. Chemical structure of YL0, GdL0, GdL1 and GdL2 chelates. 
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4.2 Experimental Approach 

4.2.1 Saponite clay 

• Synthesis of SAP and Na-SAP clays: Nanosized synthetic saponite with a 

cationic exchange capacity (CEC) of 37.3 ± 1.8 meq/100 g was synthesized 

following the hydrothermal procedure adopted in the literature by Costenaro et 

al.1 A gel with the molar composition of [SiO2:MgO:Al2O3:Na2O:H2O] 

1:0.835:0.056:0.056:110 and H2O/Si molar ratio of 110 was prepared. In detail, 

3.97 g (0.06 mol) of amorphous silica (SiO2 fumed, 99.8%) were gradually 

dispersed in a solution prepared by dissolving 0.31 g (0.007 mol) of sodium 

hydroxide (NaOH) in 109.00 g (6.05 mol) of ultrapure water (equal to 5/6 of the 

total water content). The obtained gel was then mixed accurately. After 1 h, 11.93 

g (0.05 mol) of magnesium acetate tetrahydrate (Mg(CH3COO)2∙4H2O, 99%) 

and 1.75 g (0.007 mol) of aluminium isopropoxide (Al[OCH(CH3)2]3, ≥ 98 %) 

were added to the reaction mixture, along with the remaining ultrapure water 

(22.00 g, 1.22 mol). After 2 h, the gel, with a pH between 8-9, was introduced 

into a Teflon cup (125 mL capacity) of an autoclave (Anton Paar 4748) and 

heated in an oven for 72 h at 240 °C. After hydrothermal treatment, the product 

was filtered, washed with hot ultrapure water up to neutral pH and dried in an 

oven overnight at 100 °C. 

The so-produced material called SAP (6.59 g of white powder) was submitted 

to cation-exchange procedure (in order to ensure a chemical uniformity of the 

exchange sites): 2.50 g of SAP were dispersed in 250 mL of saturated sodium 

chloride (NaCl) solution for 36 h at RT to replace all possible cations present (i.e. 

Al3+, Mg2+, H+) with Na+ ions in the interlayer space. Then, the final solid 

material (named Na-SAP) was filtered, washed with hot ultrapure water until the 

complete elimination of chlorides (confirmed by silver nitrate, AgNO3, spot test) 

and dried in an oven overnight at 100 °C. 
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4.2.2 Gd3+/Y3+-complexes 

• Synthesis of GdL0 and YL0 chelates: The synthesis of the novel TETA 

monoamide ligand bearing a 2-aminoethylacetamide pendant arm (TETAMA, 

named L0), used for the preparation of relative Gd3+ and Y3+ chelates (GdL0 and 

YL0, respectively), was carried out starting from the TETA macrocycle.29,30 

In the first step, the bromoacetamide pendant arm (1) was synthesized 

following an optimized procedure reported in the literature.26 In detail, N-Boc-

ethylenediamine (0.400 g, 2.496 mmol), dissolved in 4 mL of dichloromethane 

(CH2Cl2/DCM), was added to a 1 M NaOH solution (8.00 mL, 7.489 mmol) and 

slowly stirred at 0 °C for 15 min. Afterwards, a solution of 2-bromoacetyl 

bromide (620 L, 3.745 mmol) in 15 mL of DCM was added dropwise to the 

reaction mixture, under nitrogen flow and at 0 °C. The mixture was then slowly 

stirred at RT for 20 h. After that, several purification treatments were performed 

in order to obtain the pure bromoacetamide pendant arm (1). In detail, 15 mL of 

water were added to the mixture, followed by concentration in vacuo; the 

residue/organic phase was extracted in DCM (3 x 15 mL), dried with sodium 

sulphate (Na2SO4), filtered and evaporated in vacuo until a whitish powder was 

obtained. The desired product was isolated through purification in 

chromatographic column (DCM:methanol/MeOH 90:10) and the fraction in 

DCM was finally concentrated in vacuo (bromoacetamide pendant arm (1), 0.300 

g, 1.067 mmol, 38% yield). 

TE3A(t-BuO)3 (2) was prepared by reacting the TETA macrocycle with tert-

butyl 2-bromoacetate. In detail, TETA (0.500 g, 2.496 mmol) was dissolved in 

25 mL of anhydrous acetonitrile (ACN), under nitrogen flow and at RT, and 

slowly stirred at 0 °C for 10 min. Sodium hydrogen carbonate (NaHCO3, 0.315 

g, 3.749 mmol) was added and the mixture was slowly stirred at 0 °C for 30 min. 

Next, tert-butyl 2-bromoacetate (1.100 mL, 7.510 mmol) was added dropwise at 

0 °C and the reaction mixture was slowly stirred at RT for 48 h. After that, the 

solution was concentrated in vacuo until a yellowish oil-like compound was 

https://en.wikipedia.org/wiki/Sodium_bicarbonate
https://en.wikipedia.org/wiki/Sodium_bicarbonate
https://en.wikipedia.org/wiki/Sodium_bicarbonate
https://en.wikipedia.org/wiki/Sodium_bicarbonate
https://en.wikipedia.org/wiki/Sodium_bicarbonate
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recovered. The desired product was isolated through purification in 

chromatographic column (DCM:MeOH 95:5) and the fraction in DCM was 

finally concentrated in vacuo until a whitish powder was obtained (TE3A(t-

BuO)3 (2), 0.735 g, 1.354 mmol, 55% yield). 

Subsequently, TE3A(t-BuO)3 (2) (0.200 g, 0.368 mmol) and potassium 

carbonate (K2CO3, 0.150 mg, 1.085 mmol) were dissolved in 20 mL of ACN at 

RT; then, a solution of bromoacetamide pendant arm (1) (0.137 g, 0.487 mmol) 

in 10 mL of ACN was added dropwise at RT and the reaction mixture was slowly 

stirred at 60 °C for 48 h. After that, the mixture was filtered and finally 

concentrated in vacuo until a yellowish powder was obtained (TE3A(t-BuO)3-

monoacetamie-Boc (3), 0.299 g, 0.402 mmol, 98% yield). 

The simultaneous deprotection of tert-butyl ester and Boc groups was 

accomplished by reacting the intermediate TE3A(t-BuO)3-monoacetamide-Boc 

(3) (0.299 g, 0.402 mmol) with a 1:1 mixture solution of 13 mL of DCM and 13 

mL of trifluoroacetic acid (TFA) at 0 °C, then slowly stirred at RT for 48 h. After 

that, several purification treatments were performed in order to obtain the 

TETAMA ligand (L0). In detail, 10 mL of diethyl ether were added to the 

mixture, followed by filtration and concentration in vacuo of the filtered solution; 

15 mL of ultrapure water were added to the yellowish oil-like compound, the 

residue/aqueous phase was washed it thoroughly with DCM (3 x 15 mL) and 

finally evaporated in vacuo until a yellowish oil-like compound was obtained 

(TETAMA (L0), 0.146 g, mmol, 76% yield).  

Finally, TETAMA (L0), 0.146 g, 0.307 mmol) and gadolinium chloride 

hexahydrate (GdCl3·6H2O; 0.135 g, 0.363 mmol) were dissolved at room 

temperature (RT) in 15 mL of ultrapure water and then the pH of the solution 

was brought to 6.5 with a NaOH solution. The reaction mixture was then stirred 

at RT overnight. After that, the pH was again corrected from 6.5 to 10 with to 

precipitate unchelated Gd3+ ions as hydroxide (Gd(OH)3), which was eliminated 

by centrifugation (10000 rpm for 5 min) and filtration through 0.2 m filters. The 

https://en.wikipedia.org/wiki/Sodium_bicarbonate
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pH of the complex solution was finally adjusted to 7 with a hydrochloric acid 

(HCl) solution and lyophilized overnight until a whitish solid was obtained 

(GdL0, 0.233 g, 0.370 mmol, 99% yield) (Scheme 3). 

For YL0, a slightly different complexation procedure than the one described 

above was used: L0 (0.192 mg, 0.404 mmol), yttrium chloride hexahydrate 

(YCl3·6H2O; 0.147 g, 0.485 mmol), 15 mL of ultrapure water, reaction mixture 

stirred for 5 days at 50 °C. 313 mg (0.557 mmol, 99% yield) of the final chelate 

were prepared (Scheme 3). 

➢ Bromoacetamide pendant arm (1):  

o HPLC-MS ESI+ (m/Z) = 281.25 [(M + H)+]; calculated C9H17BrN2O3 = 

281.15. 

o 1H-NMR (CDCl3) 500 MHz,  [ppm] = 3.95 (s, 2H, BrCH2), 3.48 (t, 2H, 

NHCH2), 3.40 (t, 2H, CH2NH), 1.54 (s, 9H, CH3).  

o 13C-NMR (CDCl3) 100 MHz,  [ppm] = 171.6 (C=ONH), 166.3 

(NHC=OO), 77.3 (C(CH3)3), 41.5 (CH2NH), 39.8 (NHCH2), 29.4 (CH3), 

28.7 (BrCH2). 

➢ TE3A(t-BuO)3 (2):  

o HPLC-MS ESI+ (m/Z) = 543.70 [(M + H)+]; calculated C28H54N4O6 = 

542.76.  

o 1H-NMR (ACN-d) 500 MHz,  [ppm] = 3.29 (s, 6H, CH2C=O), 2.80-2.65 

(t, 16H, other CH2 aromatic ring), 1.68 (m, 4H, apical CH2 aromatic ring), 

1.50 (s, 27H, CH3). 

o 13C-NMR (ACD-d) 100 MHz,  [ppm] = 170.8 (C=O), 82.5 (quaternary 

C(CH3)3), 57.8 (CH2C=O), 65.0-40.0 (other CH2 aromatic ring), 31.7 and 

30.8 (apical CH2 aromatic ring), 28.8 (CH3). 

➢ TE3A(t-BuO)3-monoacetamide-Boc (3):  

o HPLC-MS ESI+ (m/Z) = 744.05 [(M + H)+]; calculated C37H70N6O9 = 

743.00.  
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o 1H-NMR (CDCl3) 500 MHz,  [ppm] = 3.39 (t, 2H, NHCH2 pendant 

arm), 3.30 (t, 2H, CH2NH pendant arm), 3.21 (s, 2H, NHC=OCH2 

pendant arm), 3.05 (s, 6H, CH2C=O), 2.75 and 2.63 (t, 16H, other CH2 

aromatic ring), 1.62 (m, 4H, apical CH2 aromatic ring), 1.51 (s, 36H, 

CH3). 

o 13C-NMR (CDCl3) 100 MHz,  [ppm] = 173.5 (NHC=O pendant arm), 

170.7 (C=O), 157.6 (OC=ONH pendant arm), 82.8 (quaternary C(CH3)3), 

79.3 (quaternary C(CH3)3 pendant arm), 59.3 (NHC=OCH2 pendant arm), 

58.2 (CH2C=OO), 55.0-50.0 (other CH2 aromatic ring), ), 41.2 (CH2NH 

pendant arm), 38.1 (NHCH2 pendant arm), 29.8 and 29.3 (apical CH2 

aromatic ring), 28.1 (CH3). 

➢ TETAMA (L0):  

o HPLC-MS ESI+ (m/Z) = 475.65 [(M + H)+]; calculated C19H39N6O7 = 

474.56.  

o 1H-NMR (D2O) 500 MHz,  [ppm] = 3.38 (t, 4H, +H3NCH2CH2NH 

pendant arm), 3.21 (s, 2H, NHC=OCH2 pendant arm), 3.18 (s, 2H, 

CH2C=O), 2.71 and 2.58 (t, 16H, other CH2 aromatic ring), 1.70 (m, 4H, 

apical CH2 aromatic ring). 

o 13C-NMR (D2O) 100 MHz,  [ppm] = 172.9 (C=O), 168.6 (NHC=O 

pendant arm), 60.0-50.0 (CH2), 38.9 (+H3NCH2 pendant arm), 37.2 

(CH2NH pendant arm), 22.5 (apical CH2 aromatic ring), 

➢ GdL0: HPLC-MS ESI+ (m/Z) = 629.89 {[(M + H)]+}; calculated 

C19H36GdN6O7 = 628.79 (100.0 %) (isotopic distributions consistent with 

Gd3+). 

➢ YL0: HPLC-MS ESI+ (m/Z) = 585.84 {[(M + Na)]+}; calculated 

C19H36YN6O7 = 560.44. 
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Scheme 1. Synthetic pathway for the preparation of L0, GdL0 and YL0. 

• Synthesis of GdL1 chelate: Cationic GdDOTA monoamide chelate bearing a 2-

aminoethylacetamide pendant arm (GdDOTAMA, named GdL1) was 

synthesized using a procedure optimized in the literature by Barge et al. (Scheme 

2).26,27 
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Scheme 2. Synthetic pathway for the preparation of L1 and GdL1. 

• Synthesis of GdL2 chelate: The synthesis of cationic GdAAZTA-Ph-DETA 

chelate (named GdL2) was carried out starting from the tetra tert-butyl ester 

protected AAZTA derivative bearing a phenyl isothiocyanate group (AAZTA(t-

BuO)4-Ph-NCS), previously described by Gugliotta et al.28 

In the first step, the N,N-diBoc-diethylenetriamine (1) was synthetized 

following the procedure reported in the literature.31 In details, tert-butanol (0.640 

mL, 6.67 mmol), potassium hydroxide (KOH, 9.9 g, 0.17 mmol) and 1,1-

carbonylidiimidazole (CDI, 1.08 g, 6.67 mmol) were dissolved under nitrogen 

flow in 25 mL of anhydrous toluene and slowly stirred at 60 °C for 3 h. After 3 

h, diethylenetriamine (DETA, 0.340 mL, 3.34 mmol) was added dropwise to the 

reaction mixture, which was then stirred for further 3 h. After that, the ‘cold’ 

solution was concentrated in vacuo and the residue/organic phase was extracted 

with DCM (3 x 20 mL), washing it with water (3 x 20 mL). The organic phase 

was then dried with Na2SO4 and evaporated in vacuo until a transparent dense 

gel was obtained (N,N-diBoc-diethylenetriamine (1), 0.086 g, 0.28 mmol, 8.4% 

yield). 

AAZTA(t-BuO)4-Ph-NCS (0.163 g, 0.21 mmol) was reacted with the free 

secondary amine of the diBoc-protected diethylenetriamine: the compound, 

dissolved in 2 mL of DCM, was added to a solution of N,N-diBoc-

diethylenetriamine (1) (0.750 mL, 0.21 mmol) and 35 L of N,N-

diisopropylethylamine (DiPEA, 0.20 mmol) in DCM (5 mL), slowly stirred at 

RT overnight. The solution was concentrated in vacuo and the product was then 

recovered by washing it thoroughly with water with 2-3 drops of a concentrated 
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HCl solution to aid the removal of DiPEA (3 x 20 mL). The organic phase was 

then dried with Na2SO4 and evaporated in vacuo until a yellowish solid was 

obtained (AAZTA(t-BuO)4-Ph-DETA-Boc2 (2), 0.182 g, 0.168 mmol, 80% 

yield). 

The simultaneous deprotection of tert-butyl ester and Boc groups was 

accomplished by reacting the intermediate AAZTA(t-BuO)4-Ph-DETA-Boc2 (2) 

(0.182 g, 0.168 mmol) with a 1:1 mixture solution of 15 mL of DCM and 15 mL 

of TFA at 0 °C, then slowly stirred at RT overnight. The solution was 

concentrated in vacuo and the product (AAZTA-Ph-DETA, L2) was then 

recovered by washing it thoroughly with diethyl ether (3 x 10 mL) and then dried 

in vacuo until a yellowish solid was obtained in a quantitative yield. 

Finally, AAZTA-Ph-DETA (L2) (0.140 g, 0.22 mmol) and GdCl3·6H2O 

(0.047 g, 0.22 mmol) were dissolved at RT in 16.5 mL of ultrapure water and 

then the pH of the solution was brought to 6.5 with a NaOH solution. The reaction 

mixture was then stirred at RT overnight. After that, the pH was again corrected 

from 6.5 to 10 to precipitate unchelated Gd3+ ions as Gd(OH)3, which was 

eliminated by centrifugation (10000 rpm for 5 min) and filtration through 0.2 m 

filters. The pH of the complex solution was finally adjusted to 7 with a HCl 

solution and lyophilized overnight until a yellowish solid (GdL2) was obtained 

(Scheme 3). 

➢ N,N-diBoc-diethylenetriamine (1):  

o HPLC-MS ESI+ (m/Z) = 304.52 [(M + H)+]; calculated C14H29N3O4 = 

303.40. 

o 1H-NMR (CDCl3) 500 MHz,  [ppm] = 7.69 (s, 1H, NHCHN imidazole 

by-product), 7.10 (s, 2H, NHCHCHN imidazole by-product), 3.20 (m, 

2H, NHCH2), 2.70 (m, 2H, CH2NH), 1.44 (s, 18H, CH3).  

o 13C-NMR (CDCl3) 100 MHz,  [ppm] = 156.2 (C=O), 135.0 (NHCHN 

imidazole by-product), 122.1 (NHCHCHN imidazole by-product), 89.4 

(C(CH3)3), 48.8-40.1 (CH2), 28.4 (CH3). 
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➢ AAZTA(t-BuO)4-Ph-DETA-Boc2 (2):  

o HPLC-MS ESI+ (m/Z) = 1081.8 [(M + H)+]; calculated C52H88N8O14S = 

1081.4.  

o 1H-NMR (CDCl3) 500 MHz,  [ppm] = 11.40 and 9.30 and 7.30 (s, 4H, 

NH), 8.01-7.52 (s, 4H, CH aromatic ring), 2.50-4.50 (m, 26H, CH2), 1.51 

(s, 54H, CH3). 

o 13C-NMR (CDCl3) 100 MHz,  [ppm] = 182.2 (C=S), 172.8 and 170.8 

and 153.3 (C=O), 135.7 (quaternary C aromatic ring), 126.5 and 118.3 

(CH aromatic ring), 80 (quaternary C(CH3)3), 68.3 (quaternary C-N), 

68.0-38.0 (67.7, 62.2, 58.9, 51.5, 38.9) (CH2), 29.1 (CH3). 

➢ AAZTA-Ph-DETA (L2):  

o HPLC-MS ESI+ (m/Z) = 657.5 [(M + H)+]; calculated C26H40N8O10S = 

656.7.  

o 1H-NMR (D2O) 500 MHz,  [ppm] = 7.41 and 7.28 (s, 4H, CH aromatic 

ring), 4.52-3.00 (m, 26H, CH2), 1.20 (s, 2H, NH2).  

o 13C-NMR (D2O) 100 MHz,  [ppm] = 182.7 (C=S), 176.8 and 171.4 and 

154.6 (C=O), 136.2 (quaternary C aromatic ring), 120.6 and 118.3 (CH 

aromatic ring), 58.9 (quaternary C-N), 62.0-35.0 (61.6, 58.0, 53.1, 51.7, 

47.9, 36.6) (CH2). 

➢ GdL2: HPLC-MS ESI- (m/Z) = 746.0 and 608.5 {fragments of [(M + K - 

2H)]-}; calculated C24H36GdN8O10S = 809.9 (100.0 %) (isotopic 

distributions consistent with Gd3+). 
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Scheme 3. Synthetic pathway for the preparation of L2 and GdL2. (Adapted from: "S. 

Marchesi et al., Dalton Trans., 2018, 47, 7896") 

 

4.2.3 Intercalated materials 

The hybrid organic-inorganic intercalated saponite clays were prepared by ionic 

exchange of a fraction of Na+ ions located in the interlayer space of a sodium-

exchanged synthetic nanosized saponite (Na-SAP) with the relative metal chelates. 

• Preparation of paramagnetic GdLn/SAP clays: The intercalation procedures 

of GdL0, GdL1 and GdL2 chelates in the interlayer of synthetic sodium-saponite 

Na-SAP were optimized following procedures reported in the literature for 

similar systems (Scheme 4).9 The Gd3+-complexes were added in a molar 

quantity equal to the CEC of the saponite (37.3 ± 1.8 meq/100 g). In details, 

0.300 g of Na-SAP were dispersed in 35 mL of ultrapure water in a round-bottom 

glass flask, which was placed in a crystallizer with water. The dispersion was 

then subjected to the following treatment: 1 h of sonication (introducing the tip 

of the sonicator in the water bath), 2 h of magnetic stirring with Teflon rod 

(placed inside the flask) and a mechanical stirrer and the last hour of sonication. 

During the 3th h, a specific amount of each chelate (GdL0: 0.071 g, 0.113 mmol; 
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GdL1: 0.090 g, 0.150 mmol; GdL2: 0.173 g, 0.214 mmol) was dissolved each in 

10 mL of ultrapure water and the pH was brought to 4-5 with a 0.1 M HCl 

solution. At the end of the last hour , the sonication was stopped and the aqueous 

solution of the selected chelate was transferred into the flask, controlling the pH 

(it needed to be between 4-5). The reaction mixture was then stirred at 60 °C for 

20 h. After this time, the product was filtered, washed with hot ultrapure water 

up to neutral pH and dried in an oven overnight at 100 °C. The so-produced 

materials, called GdL0/SAP, GdL1/SAP and GdL2/SAP respectively, were 

finally obtained. 

• Preparation of diamagnetic YL0/SAP clay: The intercalation of YL0 in the 

Na-SAP was carried out with same procedure applied for GdLn/SAP, with the 

YL0 added in a molar quantity equal to the CEC of saponite (37.3 ± 1.8 meq/100 

g): Na-SAP (0.300 g), ultrapure water (40 mL for the dispersion of Na-SAP and 

10 mL for YL0), YL0 (0.267 g, 0.476 mmol); the final material, named 

YL0/SAP, was finally obtained (Scheme 4). 

 

Scheme 4. Schematic view of the preparation of intercalated paramagnetic and 

diamagnetic saponite clays. In the scheme is reported the synthesis of XL0/SAP (X 

= Y3+ or Gd3+). 
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4.3 Results and Discussion 

4.3.1 Characterization of GdL1/SAP and GdL2/SAP materials 

The Gd3+ content, determined by inductively coupled plasma mass spectrometry 

(ICP-MS) after mineralization of the solids in acidic media, is comparable for the 

paramagnetic GdLn/SAP materials, and assumes the values of 0.05 mmol/g for 

GdL1/SAP and of 0.06 mmol/g for GdL2/SAP. It is important to note that the 

amounts of intercalated Gd3+-complexes correspond to ca. 15% of the CEC of 

saponite, estimated to be 37.3 ± 1.8 meq/100 g.1 

The structure and morphology of GdLn/SAP samples were analysed by X-ray 

powder diffraction (XRPD) (Figure 2) and high-resolution transmission electron 

microscopy (HRTEM) (Figure 3). XRPD analyses were performed to evaluate the 

structural order of the clay before and after intercalation and the confinement degree 

of the Gd3+-complexes in the saponite. First, these data clearly indicate that the 

structure is preserved after intercalation of the metal chelates, as shown by the 

presence in the XRPD patterns of the reflections assigned to (001), (110)-(020), 

(004), (130)-(201), (311) and (060) planes, typical of the pristine Na-SAP (Figure 

2A, a).1 In addition, a slight shift of the basal plane (001) from 8.23° 2 (d-spacing 

of 1.07 nm) to 7.80° 2 (1.13 nm) and 7.50° 2 (1.18 nm) is evident in the case of 

GdL1/SAP and GdL2/SAP, respectively (see inset in Figure 2A, b-c). This effect 

can be attributed to the confinement of Gd3+-chelates in the saponite gallery. 
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Figure 2. X-ray powder diffraction profiles of Na-SAP (a), GdL1/SAP (b) and 

GdL2/SAP (c). Diffractograms collected at low angles (2°-15° 2) are reported in 

the insets. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

HRTEM images of GdL1/SAP, GdL2/SAP and Na-SAP (Figure 3A-C) samples 

show different levels of spatial organization of the lamellae: single structures with 

sheet-like morphology tend to aggregate with formation of tactoids of different 

dimensions. Lamellae present a range of lengths of a few tens of nanometres and 

show a tendency to stack on top of each other. By analysing HRTEM micrographs 

at high magnifications (Figure 3D-F) is possible to evaluate the d-spacing 

distribution of lamellae and to have more insights on the intercalation degree for the 

hybrid materials. The distribution of the d-spacing values (obtained by counting 

more than 100 particles) for GdL1/SAP and GdL2/SAP (Figure 3G-I) show quite 

comparable d(001) broad distributions centred around 1.1-1.2 nm along with a 

fraction of lamellae with d(001) values up to 1.9 nm, significantly larger than those 

of Na-SAP (Figure 3I), associated with the presence of Gd3+-chelates confined in the 

interlayer gallery. In fact, Na-SAP exhibits a narrow distribution centred at 1.1 nm. 

This result represents a clear indication that the intercalation has occurred.32 

Moreover, the simultaneous presence of lamellae with d-spacing typical of pure Na-

SAP might be related to the low amount of intercalated GdL complexes. 
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Figure 3. HRTEM images of GdL1/SAP (A), GdL2/SAP (B) and Na-SAP (C). 

HRTEM magnification are reported in D, E and F, while the relative distributions of 

the d(001)-spacing values are shown in G, H and I. (Adapted from: "S. Marchesi et al., Dalton 

Trans., 2018, 47, 7896") 

Thermogravimetric analyses (TGA) were performed to confirm the presence of 

the Gd3+ complexes inside the interlayer of the saponite and to evaluate their thermal 

stability in the intercalated materials. The TGA and the derivative profile (DTG) of 

Na-SAP collected under oxygen flow (Figure 4) shows two main weight losses: the 

first one, occurring between 50-150 °C (3.73 wt.%), is associated to water adsorbed 

on external surface, while the second one, between 150-750 °C (4.48 wt.%), is a 

consequence of the gradual release of interlamellar water and of the initial 

dehydroxylation of the layered structure.  
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Figure 4. TG (A) and DTG (B) profiles of Na-SAP. The analysis was carried out 

under oxygen flow. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

The TGA and DTG profiles of GdL1/SAP and GdL2/SAP, collected under 

oxygen flow (Figure 5), show a first weight loss at 100°C (ca. 4.5 wt.%) related to 

the physisorbed water. In addition, the thermal profiles of both samples are 

characterized by a second degradation peak centred at about 340 °C with a weight 

loss calculated in the 330-750°C range of 7.53 wt.% and 9.69 wt.%, respectively, 

attributed to the decomposition of the organic fraction and to the release of 

interlamellar water. The maximum of degradation of the organic fraction in the 

intercalated saponite shifts of ca. 100 °C and 40 °C, if compared to what observed 

for pure GdL1 and GdL2, respectively. Indeed, DTG profiles of pure GdL1 and 

GdL2 show a main weight loss at 255 °C and 300 °C, respectively (Figure 5C and 

D). The delay of the degradation of the organic fraction in the hybrid materials 

represents a clear and further confirmation that the Gd3+-chelates are mainly confined 

in the interlayer space of the clay (with, probably, a negligible fraction adsorbed on 

the surface) and then thermally stabilized. 
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Figure 5. TG profiles of GdL1 (A, dash), GdL1/SAP (A, solid), GdL2 (B, dash) and 

GdL2/SAP (B, solid). DTG profiles of GdL1 (C, dash), GdL1/SAP (C, solid), GdL2 

(D, dash) and GdL2/SAP (D, solid). The analyses were carried out under oxygen 

flow. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

Infrared spectroscopy (FTIR) further confirm the presence of the complexes in 

the paramagnetic clays. Indeed, FTIR spectra of GdL1/SAP and GdL2/SAP samples, 

collected under vacuum at room temperature showed, besides the typical IR bands 

of the saponite,1 additional bands assigned to the vibrational modes of the functional 

groups (C=C and C=O bonds) of the Gd3+ chelates.  

Particular attention was addressed to investigate the solvent water-Gd3+ 

interactions that govern the nuclear magnetic relaxometric properties of the free 

complexes and of the hybrid clays. The best way to carry out the study is through the 

measurement of the longitudinal relaxivity (r1) of the water protons of aqueous 
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solutions/suspensions of GdLn and GdLn/SAP samples by 1H-NMR relaxometric 

technique. The parameter r1 defines the efficiency of a paramagnetic system and is 

associated with the enhancement of the water proton relaxation rates (R1 = 1/T1) 

normalized to the concentration (mM) of the paramagnetic ion, as described in Eq. 

(1).34 

𝑟1 =
(1 𝑇1⁄ )

𝑜𝑏𝑠
−(1 𝑇1⁄ )

𝑑

[𝐺𝑑]
  (1) 

Prior to the relaxometric analysis, the intercalated clays were dispersed in 

ultrapure water containing 0.1 wt.% of xanthan gum. The latter is often used to 

stabilize NPs suspensions by hampering aggregation and sedimentation of particles 

over time.16,33 The hydrodynamic size values of both hybrid clays in aqueous 

solution, measured by dynamic light scattering (DLS) at 25 °C, were found to be 

under 100 nm (Figure 6). The suspensions remain also stable and homogeneous for 

several hours. 

 

Figure 6. DLS analysis at 25 °C of GdL1/SAP (a) and GdL2/SAP (b) aqueous 

suspensions containing 0.1 wt.% of xanthan gum. (Adapted from: "S. Marchesi et al., Dalton 

Trans., 2018, 47, 7896") 

Relaxivity is influenced by a number of experimental and molecular parameters, 

among which the most important are: the applied magnetic field strength B0, 
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temperature, number q of water molecules in the inner coordination sphere of the 

paramagnetic ion, the rotational correlation time  R of the Gd-Ow vector (Ow is the 

oxygen nucleus of the bound water molecule), the residence lifetime (or mean 

residence time) of the bound water molecule(s)  M (= 1/kex), the hydration parameter 

q/r6 that describes the number and distance of water molecules in each hydration 

sphere, the Gd-Hw distance rGd-H and the parameters describing the electronic 

relaxation (Δ2 and τv) times (Figure 7).34 

Some of the parameters can be directly determined by analysing the magnetic 

field dependency of r1 over an extended range of values. The experimental data, 

collected at a given temperature and pH, are typically reported under the form of an 

NMRD (Nuclear Magnetic Relaxation Dispersion) profile, which represents the 

frequency dependence of the longitudinal relaxivity of water protons (r1). The 

NMRD profiles of GdL1, GdL2 and of the intercalated materials, measured in the 

frequency range 0.01-70 MHz and at 37 °C, are reported in Figure 9. 

GdL1 and GdL2 show NMRD profiles (Figure 8, a-b) characterized by a very 

similar shape and different amplitude, reflecting their different state of hydration. 

Relaxivity is constant up to ca. 1 MHz, then decreases with a dispersion about 6-8 

MHz to finally reach a new plateau at frequencies above 20 MHz. This behaviour is 

quite typical of low-molecular weight paramagnetic chelates undergoing fast 

tumbling motion (short  R).34 Under these conditions, at high fields (≥ 20 MHz) r1 

is determined essentially by q and  R.  In fact, the water exchange lifetime  M does 

limit relaxivity of the complexes since they are under the fast exchange condition, as 

evidenced by the increase of r1 as the temperature decreases for both complexes 

(Figure 9).27 Therefore, the higher q value of GdL2 accounts for the greater 

amplitude of its NMRD profile.  
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Figure 7. Most of the parameters that governs the r1 for paramagnetic probes.35,36 

 

   

Figure 8. 1/T1 
1H-NMRD profiles of GdL1 (a), GdL2 (b), GdL1/SAP (c) and 

GdL2/SAP (d) at 37 °C, over the frequency range 0.01-70 MHz and neutral pH. The 

best-fit curves (solid lines) are calculated using the parameters of Table 1. (Adapted 

from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 
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Figure 9. Variable-temperature dependence of r1 for GdL1 (a) and GdL2 (b), at 20 

MHz. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

The 1H-NMRD profiles of GdL1 and GdL2 (Figure 8, a-b) were analysed by 

fitting the data to the Solomon-Bloembergen-Morgan (SBM) and Freed equations 

for the inner- (IS) and outer-sphere (OS) proton relaxation mechanisms, 

respectively.37,38 Given the large number of parameters, it is customary to fix some 

of these at known or reasonable values. In the fitting procedure the distance rGd-H 

was set to 3.0 Å, the distance of closest approach of the outer-sphere solvent 

molecules to Gd3+, a, was fixed to 4.0 Å and for the water-solute relative diffusion 

coefficient, D, the value of 3.1×10−5 cm2 s−1 (37 °C) was used. In the case of GdL1, 

the number q of coordinated water molecules was fixed to 1 with lifetime  M value 

of 0.7 s in line with data previously obtained from 17O NMR data.27 For GdL2, q 

was set to 2 whereas for  M we used the value calculated for a strictly similar 

derivative (0.07 s).39 A good fit of the data was obtained with the rotational 

correlation times listed in Table 1. In addition to q, the parameter  R is the most 

relevant to determine the relaxivity of the complexes. 

Data analysis (Table 1) clearly indicates that the increased relaxivity of GdL2 is 

due not only to the higher hydration state but also to the longer  R value reflecting 

its greater molecular size. The values of the electronic relaxation parameters are fully 
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comparable with those already reported or found in the case of structurally similar 

complexes.40 The actual value of kex is not relevant because the correlation time is 

dominated by molecular tumbling.  

On the other hand, when the complexes are intercalated in the saponite, their 

NMRD profiles (Figure 8, c-d) change significantly in both form and amplitude. We 

note that the first inflection point is shifted to lower frequencies (about 2-4 MHz) 

and is followed by a peak centred around 30 MHz, broad and of modest amplitude 

for GdL1 and instead narrow and intense for GdL2. At higher fields, r1 decreases 

sharply and, at 70 MHz, assumes values like those in the ultra-low field range. Such 

behaviour is quite characteristic of Gd-based nanometric systems wherein the 

molecular tumbling is considerably slowed down (long  R).41 Remarkably, at 20 

MHz the r1 of GdL2 is ca. 97% higher than that of GdL1 (8.5 vs 4.3 mM-1 s-1). After 

intercalation in the saponite clay, the r1 of GdL2/SAP peaks at 30 MHz with a value 

of 46.2 mM-1s-1, which is ca. 280% higher than that of GdL1/SAP (12.1 mM-1s-1). 

Such marked difference between the r1 values of the two intercalated complexes, 

along the whole frequency range explored, cannot be attributed only to the different 

number of water molecules in the inner coordination sphere of the complexes. 

Rather, it suggests a limiting effect of the exchange lifetime  M on relaxivity. This 

hypothesis is well supported by the temperature dependency of the relaxivity. Unlike 

GdL1 and GdL2, both GdL1/SAP and GdL2/SAP have r1 values that increase with 

increasing temperature (Figure 10). Therefore, the intercalated paramagnetic 

complexes are in conditions of slow exchange and this has a particularly significant 

effect on the relaxometric properties of GdL1.  
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Figure 10. Variable-temperature dependence of r1 for GdL1/SAP (a) and 

GdL2/SAP (b) at 20 MHz. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

The NMRD curves of GdL1/SAP and GdL2/SAP (Figure 8, c-d) were fitted 

according to the Lipari-Szabo model-free approach that describes the rotational 

dynamics in terms of a local ( RL) and a global ( RG) rotational correlation times 

related by the order parameter S2. If the motion of the Gd3+ complex is independent 

of the nanoparticle, then S2 = 0; if the complex is completely immobilized in the 

interlamellar space, then S2 = 1.42,43 The global correlation time was fixed to 1 μs, 

based on earlier findings in the case of Gd-functionalised mesoporous silicas,44,45 

whereas the local correlation time  RL for each Gd chelate was left to vary along 

with the parameters S2 and  M. The a, D, r, q parameters were fixed to the same 

values adopted for the free complexes. The high-fields regions of the NMRD curves 

are well reproduced and the resultant fitted parameters are given in Table 1 (the full 

list of parameters is provided in Table S1, Chapter 8). The intercalated complexes 

show a marked difference between global and local correlation times, although the 

order parameter S2 is very similar for the two systems. In the interlamellar space, 

GdL2 seems to have a more restricted rotational motion as evidenced by the value 

of  RL about two times longer than that of GdL1. Likely, the delocalization of the 

positive charge favours a stronger interaction of GdL2 with the negatively charged 
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lamella. These results are a clear proof that the Gd3+-chelates are intercalated in the 

saponite gallery, thus confirming TGA, FTIR and HRTEM results. 

For both the hybrid clays, we observe a marked increase of the exchange lifetime 

 M, as anticipated by the qualitative analysis of the NMRD profiles. The increase is 

particularly pronounced for GdL2 but the limiting effect on r1 is more marked for 

GdL1, for which  M exceeds the value of 1 s. The decrease in the exchange rate of 

the coordinated water molecules may be due to the confinement of the complexes in 

the interlayer space, where the electrostatic interactions between complexes and 

lamellae also involve the water of the second hydration sphere.46 However, it is likely 

that a limited diffusion of solvent molecules through the interlamellar space may 

play a non-negligible contribution as also observed for microporous zeolite-based 

materials.47 Hence, these calculated values of  M should only be considered as 

"effective" values that reflect a complex dynamic process of exchange between bulk 

water, water that diffuses into the interlamellar space and water interacting with the 

metal ions in the first and second coordination spheres. 

Table 1. Selected best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (37 °C) for GdL1, GdL2, GdL1/SAP and GdL2/SAP samples. A table with 

all the parameters used in the fit analysis is reported in Table S1 in Chapter 8. aFixed 

during the best fit procedure. (Adapted from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

 

20r1 

[mM-

1s-1] 

τRL 

[ns] 

τRG 

[ps] 

τM 

[μs] 
S2 

GdL1 4.3 / 74±2 0.7a / 

GdL2 8.5 / 92±3 0.07a / 

GdL1/SAP 12.4 0.28±0.04 1 μsa 1.08±0.10 0.26±0.07 

GdL2/SAP 43.1 0.60±0.03 1 μsa 0.30±0.06 0.24±0.02 

 

Finally, through relaxometric methods we tested the stability of the hybrid 

nanoparticles in several aqueous suspensions of varying complexity: ultrapure water, 

PBS 0.01 M (phosphate buffer saline), HSA (human serum albumin) and 
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reconstituted Human Serum (SeronormTM). The r1 of paramagnetic clays was 

monitored as a function of time at the proton Larmor frequency of 20 MHz and at 25 

°C and 37 °C. In water medium at 25 °C, the r1 undergoes only a slight decrease 

during the first hour, and then stabilizes up to 24 h. This behaviour seems related to 

process of aggregation of particles rather than to a partial release of the intercalated 

complex: therefore, this underlines a good stability of the hybrid materials. In the 

other matrixes at 37 °C, after 1 h the r1 values of the GdL1/SAP and GdL2/SAP in 

PBS do not show any appreciable variation, while in HSA a slight decrease was 

observed (Figure 11). Furthermore, in SeronormTM we measured a small decrease of 

r1 of ca. 20% for both GdL1/SAP and GdL2/SAP. However, this decrease occurs 

only initially and r1 reaches a plateau value that remains constant over at least 24 h. 

Even in this case, this phenomenon is not clearly due to a release of the complexes 

from the hybrid material. On the contrary, it seems plausible that it is the result of a 

perturbation of the dynamics of water exchange by some of the constituents of this 

complex matrix. 

 

Figure 11. Plot of r1 at 20 MHz and 37 °C of GdL1/SAP and GdL2/SAP in ultrapure 

water (a), Human Serum (SeronormTM, b), HSA (human serum albumin, c) and PBS 

0.01 M (d) matrices after 1h of suspension stabilization. (Adapted from: "S. Marchesi et al., 

Dalton Trans., 2018, 47, 7896") 
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4.3.2 Characterization of GdL0/SAP and YL0/SAP materials 

The Gd3+ and Y3+ loading in the intercalated materials, determined by ICP-MS 

after mineralization of the solids in acidic media, were found to be 0.05 mmol/g for 

GdL0/SAP and 0.03 mmol/g for YL0/SAP, corresponding to an intercalated amount 

of ca. 10-15 % of the CEC of saponite (37.3 ± 1.8 meq/100 g). 

XRPD analyses were carried out on GdL0/SAP sample in order to evaluate the 

structural order of the paramagnetic material after the intercalation process (Figure 

12). After intercalation of GdL0 in Na-SAP solid, the basic structure of the clay is 

preserved as observed from the presence in the XRPD pattern of the typical signals 

of the pristine saponite. The basal plane (001) shifts from 8.23° 2 (d-spacing of 1.07 

nm) to 7.60° 2 (1.16 nm) (see inset in Figure 12, b). This indicates the success on 

the confinement of the GdL0 in the interlayer space of saponite, as already observed 

for the previous intercalated materials (Figure 2).48 

 

Figure 12. X-ray powder diffraction profiles of Na-SAP (a) and GdL0/SAP (b). 

Diffractograms collected at low angles (2°-15° 2) are reported in the insets. 

The FTIR spectra of GdL0/SAP sample, collected under vacuum at room 

temperature, was compared with that of Na-SAP (Figure 13A and B). The typical IR 

bands of the saponite remain nearly unchanged in the paramagnetic sample, with just 

minor differences in their intensities. Furthermore, the spectrum of GdL0/SAP 
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shows the additional bands of the vibrational mode of the functional groups of the 

Gd3+ chelate (Figure 13A, b), in particular a large band centred at 1630 cm-1 assigned 

to the C=O stretching of carboxylates groups, with a shoulder at 1650 cm-1 attributed 

to the C=O stretching of the amide group. 

      

Figure 13. A) Normalized FTIR spectra in vacuum of Na-SAP (a) and GdL0/SAP 

(b). In B is reported the magnification of the 2000-1300 cm-1 range of spectra in 

Frame A. 

DLS analyses were performed prior the relaxometric experiments on the 

paramagnetic clay. The hybrid clay was dispersed in ultrapure water containing 0.1 

wt.% of xanthan gum16,33 and the measurement was carried out at 25 °C. The stable 

and homogeneous suspension of GdL0/SAP showed a hydrodynamic size of 105 nm, 

like the value observed for GdL1/SAP (Figure 6, a).48 

A detailed 1H-NMR relaxometric study on GdL0 and GdL0/SAP aqueous 

solution/suspension, carried out by analysing the relaxivity r1 as a function of applied 

magnetic fields, temperature and over time, was then performed in order to 

investigate in more detail the molecular dynamics of water molecules into the 

interlayer space. 

The overall r1 is composed by three distinct contributions: outer-sphere (r1
OS), 

second-sphere (r1
SS) and inner-sphere (r1

IS), as described in Eq. (2):49 
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𝑟1 = 𝑟1
𝑂𝑆 + 𝑟1

𝑆𝑆 + 𝑟1
𝐼𝑆  (2) 

These three parameters provide a descriptive model to understand changes in 

relaxivity in different systems. In particular, the outer-sphere (OS) contribution 

arises from diffusion of solvent/water molecules past the paramagnetic entity (Figure 

8), and it is mainly governed by the solute-water mutual translation diffusion 

coefficient (D). The GdTETA chelate studied in literature by K. M. Payne et al.,50 

which serves as reference for the amino-functionalized GdTETA synthesized in this 

study (GdL0), it’s an “outer-sphere complex”, with no inner-sphere water bound to 

Gd3+ (q = 0) and therefore no inner-sphere relaxivity (r1
IS). Indeed, the r1 is mainly 

controlled by the OS contribution and generally influenced by the parameters 

describing the electronic relaxation (Δ2 and τv) times.34 

With the purpose of study the parameters that governs the water molecular 

dynamics in the interlayer of saponite clay, we first collected the 1/T1 
1H-NMRD 

profile of GdL0 in the frequency range 0.01-70 MHz at 25 °C and neutral pH (Figure 

14, b), and we compared it with that of GdTETA50 in the same experimental 

conditions (Figure 14, a). Both GdTETA and GdL0 show very similar NMRD 

profiles typical of low-molecular weight paramagnetic chelates: r1 is higher at lower 

fields and constant up to ca. 1 MHz, then decreases as the field increases with a 

dispersion from 6-10 MHz, and finally reach a new plateau at frequencies above 20 

MHz. The presence of the amino-functionalized pendant arm in the GdL0 structure 

leads to an increase at all fields of the r1 value compared to GdTETA, and this 

behaviour is due to a non-negligible effect of second-sphere (SS) contribution to the 

relaxivity. In general, r1
SS is favoured by increasing either i) the second hydration 

sphere (qSS), ii) their proximity to Gd3+ centres (rGd-H
SS), iii) the residence lifetime of 

the water close to the chelate and/or iv) rotational correlation time of SS ( R
SS).51 

The values of the electronic relaxation parameters are fully comparable with those 

of GdTETA.50 
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Figure 14. 1/T1 
1H-NMRD profiles of GdTETA (a)50 and GdL0 (b) at 25 °C, over 

the frequency range 0.01-70 MHz and neutral pH. The best-fit curves (solid lines) 

are calculated using the parameters of Table 2. 

The NMRD profile of the intercalated GdL0/SAP (Figure 15, b) changes 

significantly in both form and amplitude, as previously observed for Gd3+-chelates 

based on amino-derived DOTA and AAZTA ligands.48 The first inflection point is 

shifted to lower frequencies (about 2-4 MHz) and is followed by a peak centred 

around 40 MHz, broad and of intense amplitude; at higher fields, r1 decreases 

gradually, while maintaining values higher than those at low field range. This 

behaviour is characteristic of Gd-based nanometric systems wherein the molecular 

tumbling is considerably slowed down (long  R).41 Remarkably, at 20 MHz the r1 of 

GdL0/SAP is ca. 217% higher than that of GdL0 (9.68 vs 3.05 mM-1 s-1). 
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Figure 15. 1/T1 
1H-NMRD profiles of GdL0 (a) and GdL0/SAP (b) at 25 °C, over 

the frequency range 0.01-70 MHz and neutral pH. The best-fit curves (solid lines) 

are calculated using the parameters of Table 2. 

The marked difference between the r1 values before and after the intercalation, 

along the whole frequency range explored, is attributed to the reduced tumbling 

motion of SS water molecules inside the interlayer space of saponite ( R
SS). 

Moreover, the temperature dependency analyses of the r1 at 20 MHz for GdL0/SAP 

(Figure 16, b), compared to GdL0 (Figure 16, a), suggests a limiting effect of the 

water diffusion on relaxivity, due to its increase with the temperature in the 280-315 

K range. The interlayer-bulk water exchange is largely controlled and limited by 

water diffusion mechanisms in the interlamellar region of saponite, also observed for 

microporous zeolite-based materials,47 and these slow down the overall 

magnetization transfer process (dipolar interactions) from the paramagnetic Gd3+ 

entities to the bulk water. 
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Figure 16. Variable-temperature dependence of r1 for GdL0 (a) and GdL0/SAP (b), 

at 20 MHz. 

The 1H-NMRD profiles of GdL0 and GdL0/SAP, compared to GdTETA,50 were 

analysed by fitting the data according to the Solomon-Bloembergen-Morgan (SBM), 

which includes the second-sphere (SS) parameters, and Freed equations for the outer-

sphere (OS) proton relaxation mechanisms.37,38 Given the large number of 

parameters, it is customary to fix some of these at known or reasonable values. In 

the fitting procedure. The distance of closest approach of OS solvent molecules to 

Gd3+ (a) was fixed to 4.0 Å and for the water-solute relative diffusion coefficient (D) 

the value of 2.24×10−5 cm2 s−1 (25 °C) was used. The NMRD curves are well 

reproduced and the resultant fitted parameters are given in Table 2; the full list of 

parameters is provided in Table S2, Chapter 8.  

While the NMRD profile of GdTETA is reasonably well modelled by a purely 

OS contribution,50 the data of GdL0 and GdL0/SAP were well fitted considering the 

contribution of the SS parameters. A good fit of the data for GdL0/SAP was obtained 

with the SS rotational correlation time  R
SS of 375 ps, almost five times longer than 

the value obtained for GdL0 (76 ps), an indication of a more restricted rotational 

motion of the water molecules in the interlayer space of the clay. Additionally, the 

number of water molecules in the SS increase from 0.52 for the free complex to 1.06 

after intercalation, with comparable rGd-H
SS. These changes, coupled with complex 
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dynamic process of exchange between bulk water, water that diffuses into the 

interlamellar space and water interacting with the metal ions in the second 

coordination sphere, greatly influencing the relaxometric properties of the 

intercalated GdL0. 

The results obtained for the paramagnetic clay are also a clear proof of the 

confinement of GdL0 in the interlayer of saponite, where the electrostatic 

interactions between the complex and lamellae also involve the water of the second 

hydration sphere, as already observed for similar intercalated paramagnetic clays.48 

Table 2. Selected best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (25 °C) for GdTETA50, GdL0 and GdL0/SAP samples. A table with all the 

parameters used in the fit analysis is reported in Table S2 in Chapter 8. 

 
20r1 

[mM-1s-1] 
qSS 

rGd-H
SS 

[Å] 

τR
SS 

[ps] 

GdTETA50 2.2 / / / 

GdL0 3.1 0.52±0.03 3.34 76±12 

GdL0/SAP 9.7 1.06±0.02 3.30 375±11 

 

The stability of the suspension of GdL0/SAP both in ultrapure water and in 

reconstituted Human Serum (SeronormTM) was tested by relaxometric technique by 

monitoring the r1 as a function of time over a period of 24 h, at the proton Larmor 

frequency of 20 MHz. In aqueous medium at 25 °C, the r1 of the solid remains stable 

over time, thus underlines a good stability of paramagnetic clay material as observed 

for previous hybrid clays with GdDOTA and GdAAZTA derivatives.48 In 

SeronormTM matrix at 37 °C, instead, we measured an initial decrease of r1 of ca. 3% 

compared to the value in aqueous medium, with a final reduction after 24 h of ca. 

13%. This behaviour is associated to a perturbation of the dynamics of water 

exchange by some of the constituents of the complex matrix.48 

Finally, NMR experiments were employed to i) assign the proton and carbon 

resonances of the cationic YL0 chelate, ii) characterize the structure of the clay (in 
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terms of speciation of Si, Al and H sites), iii) determine whether intercalation 

between the interlayer has occurred and iv) probe the molecular interactions between 

the small molecule and the saponite lamellae. Atomic-level insights into the 

interaction between organic compounds intercalated into inorganic frameworks are 

particularly difficult to obtain because of the small crystallite sizes of the saponites, 

the morphological and structural heterogeneity of the intercalated material, and the 

complexity of the layer structure. In this sense, ssNMR represents a powerful tool to 

study such clays since it can access nuclei belonging to both the inorganic layers 

(29Si, 27Al, 1H) and the inter-lamellar spaces (23Na, 1H, 13C), thus providing structural 

information on the interactions between the complex and the lamellae.1-3 An NMR 

characterization of YL0 was first performed in solution by means of homo- and 

hetero-nuclear correlation spectroscopy (2D 1H-1H COSY, 1H-1H TOCSY and 1H-

13C HSQC), which allows the unambiguous assignment of the majority of proton and 

carbon resonances of the chelate. Both 1H and 13C resonance assignment were easily 

transferred to spectra of crystalline YL0 acquired by ssNMR (Figure 17).  

Interestingly, the 1H 1D spectrum acquired on the crystalline YL0 showed narrow 

1H lines (< 100 Hz), suggesting that the complex undergoes fast molecular motions. 

In addition, Cross-Polarization (CP) based experiments performed on the crystalline 

complex resulted unfeasible, also indicating that the complex experiences high 

degrees of motions in solids, as confirmed by measurements of proton transverse and 

longitudinal relaxation times. Once YL0 is intercalated in the interlayer space of the 

saponite clay, 1H-13C CP experiments acquired on YL0/SAP became feasible, thus 

suggesting a reduction of mobility of the complex because of its confinement into 

the host material gallery.52  
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Figure 17. 1D 1H and 13C spectra acquired on YL0 in solution (a) and in solid (b). 

23Na ssNMR studies were carried out to indirectly monitor the occurrence of 

cation-exchange in the saponite clay. A ca. 50% reduction of the interlamellar Na+ 

content following the incorporation of YL0 in the Na-SAP suggests that the complex 

intercalates between the interlayer spaces of saponite, after displacing Na+, to ensure 

the charge balance (Figure 18).  
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Figure 18. 1D 23Na ssNMR spectra acquired on the Na-SAP (a) and YL0/SAP (b). 

1H MAS ssNMR studies provided particularly useful information on variations of 

the structure, chemical environment, hydrogen bonds and acidity that may occur 

upon intercalation of the complex into the saponite clay. In particular, 1D 1H ssNMR 

spectra acquired on the Na-SAP and YL0/SAP showed a hydroxyl signal with the 

same intensity and chemical shift (0.6 ppm)53 and an interlayered water band with 

ca. 20% increased intensity for the YL0/SAP, centred at lower fields (4.2 ppm) with 

respect to the Na-SAP (3.9 ppm) (Figure 19). The increasing water content in the 

interlayer spacing of the saponite after intercalation, is due to a higher hydration 

sphere of the YL0 complex with respect to the Na+ ion, as well as to an increase of 

the interlamellar space. Variations of the water chemical shift values reflect the 

presence of different cations in the clay that may affect the proton acidity. While the 

retention of the structural hydroxyl group content and chemical shift suggests no 

modification of the tetrahedral layer structure and demonstrates that OH-groups are 

not affected by the presence of different type of interlayer cations. 

Two-dimensional heteronuclear correlation spectroscopy (1H-29Si and 1H-27Al 

HETCOR) were applied to elucidate the molecular interactions between the organic 

cation and the positively charged lamellae (Figure 23).  The incorporation of YL0 in 

the saponite clay leads to the disappearance of the hydrogen bonded silanols 

resonances in the 2D 1H-29Si HETCOR spectrum, and to the appearance of a new 
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signal at a 1H frequency of ca. 2 ppm ascribed to the methylene group (1 CH2) of the 

organo-complex, which is in close proximity to the [Q3Si(0Al)] sites of the 

tetrahedral sheet (Figure 20A). This indicates the occurrence of a molecular 

interaction between YL0 within the interlamellar space of the saponite clay. On this 

line, the comparison of 1H-27Al HETCOR spectra of the samples with different 

interlayer cations shows the retention of the same set of resonances, and the 

appearance of additional correlation peak at ca. 2 ppm of 1H frequency (Figure 20B). 

This suggests that the tetrahedral/octahedral structural organization and ordering is 

preserved regardless of the identity of the interlayer cations, and confirms the 

presence of host-guest interactions, in which the complex is near the tetrahedral 

layers of the saponite. 
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Figure 19. 1D 1H (A) and 2D 1H-1H Spin Diffusion (B) ssNMR spectra acquired on 

the Na-SAP (a, red trace) and YL0/SAP (b, black trace).  

 

 

Figure 20. A) 2D 1H-29Si HETCOR ssNMR spectrum acquired on Na-SAP (red 

trace) and YL0/SAP (black trace). B) 2D 1H-27Al HETCOR ssNMR spectrum 

acquired on Na-SAP (red trace) and YL0/SAP (black trace). 
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4.4 Conclusions 

Three stable paramagnetic cationic Gd3+-chelates based on TETA-monoamide 

(GdL0), DOTA-monoamide (GdL1) and AAZTA-polyamine (GdL2) ligands, and 

one diamagnetic cationic Y3+-chelate based on the same functionalized TETA ligand 

(YL0), were successfully confined in the interlayer space of a nanosized synthetic 

saponite clay. To limit the platelets size at ca. 50 nm, the saponite (named Na-SAP) 

was synthesized through hydrothermal method using a well-defined H2O/Si molar 

ratio (110). The cation-exchange procedure was optimized to ensure the intercalation 

of Gd3+-chelates (ca. 15% of the cationic exchange capacity of saponite) and Y3+-

chelate (ca. 10% of CEC) in the interlamellar region of the layered host. Structural 

and morphological analyses indicate that the chelates are firmly confined in the 

interlayer space of the hybrid GdL0/SAP, GdL1/SAP, GdL2/SAP and YL0/SAP 

materials. 

1H-NMR relaxometric investigations of the intercalated clays with Gd3+-

complexes in aqueous media, as a function of applied magnetic field strength, 

temperature and over time, provided insight on the chemical nature and the 

accessibility of exchange sites of these novel paramagnetic materials, especially on 

the mechanisms responsible of the magnetic interaction with water and the role of 

key molecular parameters in the relaxivity enhancement observed. Moreover, 

additional information of the molecular dynamics of water molecules inside the 

interlayer space of saponite were also extrapolated by relaxometric analyses on the 

material intercalated with the Gd3+-chelate without inner-sphere water. Once 

confined in the interlayer space, the complexes are characterized by an anisotropic 

and markedly slowed molecular motion. This reduction of the local mobility of the 

confined complexes is the main factor responsible for improving the longitudinal 

relaxivity at high magnetic fields as compared to the free Gd3+ complexes. However, 

even the effective exchange rate of the water molecule bound or interacting to Gd3+ 

ions slows down and this partly attenuates the relaxivity enhancement, also 
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established a decrease of water diffusion through the interlamellar space. Such 

behaviour clearly indicates the occurrence of strong interactions between the cationic 

complexes/water molecules and the layered inorganic framework; this also explains 

the remarkable stability observed in aqueous solutions of varying complexity (water, 

human serum...). The difference in relaxivity arises from their different hydration 

state, rate of water exchange and degree of local rotational flexibility.  

A more accurate overview of the structural and chemical interaction between the 

complex/water and the inorganic framework has been carried out by solid-state NMR 

analyses on a diamagnetic analogue intercalated clay with Y3+-TETA monoamide. 

Once intercalated, the chelate showed a reduction of its mobility due to the 

confinement into the host saponite gallery. The reduction of the interlamellar sodium 

content is a further indication of the incorporation of the Y3+-complex in the 

interlayer region. Moreover, after intercalation there is an increase of the amount of 

water in the interlayer due to a higher hydration sphere of the complex respect to the 

sodium ion. 2D 1H-29Si and 1H-27Al measurements suggests that the saponite 

structural organization is preserved regardless of the identity of the interlayer cations. 

The data also confirms the presence of host-guest interactions in which the complex 

is near the tetrahedral layers of the saponite: indeed, the chelate shows a parallel 

organization to the saponite lamellae. 

These features are promising for the development of new materials for potential 

applications in several fields, as in diagnostic (MRI), in theranostics, for the 

development of more efficient paramagnetic probes (thanks to the high relaxivity 

performance → better contrast in MR images), for sensor and light-harvesting 

systems, as catch-and-release systems for the purification of surface waters and for 

the study of the diffusion phenomena of liquids inside layered systems, in order to 

increase the knowledge of the physico-chemical properties of other intercalated 

materials based on lanthanide compounds. 

 



Chapter 4 

 
106 

4.5 Notes and References 

1 D. Costenaro, G. Gatti, F. Carniato, G. Paul, C. Bisio and L. Marchese, Microp. 

Mesop. Mater., 2012, 162, 159-167. 

2 C. Bisio, G. Gatti, E. Boccaleri, G. Superti, H. Pastore and M. Thommes, Microp. 

Mesop. Mater., 2008, 107, 90-101. 

3 C. Bisio, G. Gatti, E. Boccaleri, L. Marchese, L. Bertinetti and S. Coluccia, 

Langmuir, 2008, 24, 2808-2819. 

4 M.I. Boyanov, D.E. Latta, M.M. Scherer, E.J. O'Loughlin and K.M. Kemner, 

Chemical Geology, 2017, 464, 110-117. 

5 M. Mokhtar, Materials, 2017, 10, 760-772. 

6 M. Guidotti, R. Psaro, N. Ravasio, M. Sgobba, F. Carniato, C. Bisio, G. Gatti and 

L. Marchese, Green Chem., 2009, 11, 1173-1178. 

7 F. Carniato, C. Bisio, R. Psaro, L. Marchese and M. Guidotti, Angew. Chem. Int. 

Ed., 2014, 53, 10095-10098. 

8 L.A. Utracki, M. Sepehr and E. Boccaleri, Polym. Adv. Technol., 2007, 18, 1-37. 

9 F. Carniato, C. Bisio, G. Gatti, E. Boccaleri, L. Bertinetti, S. Coluccia, O. 

Monticelli and L. Marchese, Angew. Chem. Int. Ed., 2009, 48, 6059-6061. 

10 Y.-C. Lee, T.-H. Lee, H.-K. Han, W. J. Go, J.-W. Yang and H.-J. Shin, 

Photochem. Photobiol., 2010, 86, 520-527. 

11 K. V. Rao, K. K. R. Datta, M. Eswaramoorthy and S. J. George, Angew. Chem. 

Int. Ed., 2011, 123, 1211-1216. 

12 F. Olivero, F. Carniato, C. Bisio and L. Marchese, J. Mater. Chem., 2012, 22, 

25254-25261.  

13 K. J. Balkus Jr. and J. Shi, Langmuir, 1996, 12, 6277-6281. 

14 X. Chen, Y. Xu, H. Li and B. Liu, Sens. Actuators B, 2017, 246, 344-351. 

15 M. Jin, D.E.M. Spillane, C. F. G. C. Geraldes, G. R. Williams and S. W. A. Bligh, 

Dalton Trans., 2015, 44, 20728-20734. 

16 A. Sanchez, Y. Echeverria, C.M.S. Torres, G. Gonzalez, E. Benavente, Materials 

Research Bulletin, 2006, 41, 1185-1191. 

17 D. Talarico de Araujo, K. J. Ciuffi, E. J. Nassar, M. A. Vicente, R. Trujillano, P. 

S. Calefi, V. Rives and E. H. de Faria, J. Phys. Chem. C, 2017, 121, 5081-5088. 

18 S.-J. Ryu, A. Kim, M. D. Kim, S. W. Hong, S. S. Min, J.-K. Lee, H. Jung and J.-

H. Lee, Appl. Clay Sci., 2014, 101, 52-59. 

19 X. Chen, Y. Wang, R. Chai, Y. Xu, H. Li and B. Liu, ACS Appl. Mater. Interfaces, 

2017, 9, 13554-13563. 

20 D. Yang, Y. Wang, Y. Wang and H. Li, Sensors and Actuators B, 2016, 235, 206-

212. 

21 J. A. Peters and K. Djanashvili, Eur. J. Inorg. Chem., 2012, 2012, 1961-1974. 

22 K. J. Balkus Jr. and I. Bresinska, J. Alloys Compd. 1994, 207/208, 25-28. 



Chapter 4 

 
107 

23 S. K. Sur, J. F. Heinsbergen and R.G. Bryant, J. Magn. Reson. Ser. A, 1993, 103, 

27-33. 

24 P. Caravan, J.J. Ellison, T.J. McMurry and R.B. Lauffer, Chem. Rev., 1999, 99, 

2293-2352. 

25 S.H. Koenig and R.D. Brown III, Prog. NMR Spectr., 1990, 22, 487-567. 

26 A. Barge, L. Tei, D. Upadhyaya, F. Fedeli, L. Beltrami, R. Stefanìa, S. Aime and 

G. Cravotto, Org. Biomol. Chem., 2008, 6, 1176-1184.  

27 L. Tei, G. Gugliotta, Z. Baranyai and M. Botta, Dalton Trans., 2009, 21, 9712-

9714. 

28 G. Gugliotta, M. Botta and L. Tei, Org. Biomol. Chem., 2010, 8, 4569-4574. 

29 M. Rami, A. Cecchi, J.-L. Montero, A. Innocenti, D. Vullo, A. Scozzafava, J.-Y. 

Winum, and C. T. Supuran, ChemMedChem, 2008, 3, 1780-1788. 

30 S. Singh, A. K. Tiwari, R. Varshney, R. Mathur, P. P. Hazari, B. Singh and A. K. 

Mishra, RSC Adv., 2015, 5, 41977-41984. 

31 S. P. Rannard and N. J. Davis, Org. Lett., 2000, 2, 2117–2120. 

32 C. Bisio, F. Carniato, G. Paul, G. Gatti, E. Boccaleri and L. Marchese, Langmuir, 

2011, 27, 7250-7257. 

33 J. L. Zatz and C. Yarus, Pharmaceutical Research, 1986, 3(2), 118-121. 

34 S. Aime, M. Botta and E. Terreno, Adv. Inorg. Chem., 2005, 57, 173-237. 

35 P. Hermann, J. Kotek, Kubícek and I. Lukes, Dalton Trans., 2008, 21, 3027-3047. 

36 E. Boros, E. M. Galea and P. Caravan, Dalton Trans., 2015, 44, 4804. 

37 L. P. Hwang and J. H. Freed, J. Chem. Phys., 1975, 63, 4017-4025.  

38 J. H. Freed, J. Chem. Phys., 1978, 69, 4034-4037. 

39 G. Gugliotta, G. Gambino, M. Fekete and M. Botta, Isr. J. Chem., 2017, 57, 887-

895. 

40 G. Gambino, S. De Pinto, L. Tei, C. Cassino, F. Arena, E. Gianolio and M. Botta, 

J. Biol. Inorg. Chem., 2014, 19, 133-143. 

41 A) M. Botta and L. Tei, Eur. J. Inorg. Chem., 2012, 12, 1945-1960; B) E. 

Cittadino, M. Botta, L. Tei, F. Kielar, R. Stefania, E. Chiavazza, S. Aime and E. 

Terreno, ChemPlusChem, 2013, 78, 712-722. 

42 G. Lipari and S. Szabo, J. Am. Chem. Soc., 1982, 104, 4546-4559.  

43 G. Lipari and S. Szabo, J. Am. Chem. Soc., 1982, 104, 4559-4570. 

44 F. Carniato, L. Tei, W. Dastru, L. Marchese and M. Botta, Chem. Commun., 2009, 

10, 1246-1248. 

45 F. Carniato, L. Tei, M. Cossi, L. Marchese and M. Botta, Chem. Eur. J., 2010, 16, 

10727-10734. 

46 X. D. S. Zhou, R. Marzke, Z. Peng, I. Szilágyi and S. K. Dey, Inorg. Chem., 2019, 

58, 12112-12121. 

47 C. Platas-Iglesias, L. Vander Elst, W. Zhou, R. N. Muller, C. F. G. C. Geraldes, 

T. Maschmeyer and J. A. Peters, Chem. Eur. J., 2002, 8, 5121-5131. 



Chapter 4 

 
108 

48 S. Marchesi, F. Carniato, C. Bisio, L. Tei, L. Marchese and M. Botta, Dalton 

Trans., 2018, 47, 7896-7904. 

49 A. Beeby, I. M. Clarkson, R. S. Dickins, S. Faulkner, D. Parker, L. Royle, A. S. 

de Sousa, J. A. G. Williams and M. Woods, J. Chem. Soc., Perkin Trans., 1999, 

2, 493-504. 

50 K. M. Payne, J. M. Wilds, F. Carniato, M. Botta and M. Woods, Israel Journal of 

Chemistry, 2017, 57, 880-886. 

51 M. Botta, Eur. J. Inorg. Chem., 2000, 3, 399-407. 

52 G. Gonzalez, Mol. Cryst. Liq. Cryst., 2010, 521, 93-103.  

53 M. D. Alba, A. I. Becerro, M. A. Castro and A. C. Perdigón, Chem. Comm., 2000, 

1, 37-38. 







Chapter 5 

 
111 

5 

“Inclusion of Paramagnetic and 

Luminescent Lanthanide Ions in 

the Framework of Synthetic 

Saponite Clays” 
 

In this chapter, the introduction of two different lanthanides, Gd3+ and Eu3+, in form of 

ions in the tetrahedral in-framework positions of synthetic saponite clays was accomplished 

by an innovative one-pot (single-step) hydrothermal approach.  

The novel materials showed paramagnetic and luminescent properties (see Figure 

below). The materials were thoroughly characterized by a multi-technique approach aiming 

to assess their physico-chemical properties. 

Information on the local chemical environment surrounding the lanthanides, and their 

interaction with the water molecules inside the interlayer gallery, were extrapolated from a 

combined solid-state/relaxometric NMR and photoluminescence study, which also provided 

interesting insights on the final magnetic and light-emitting features. The stability of the 

solids in different aqueous solutions was also evaluated by relaxometric techniques. 
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5.1 Introduction 

Synthetic saponite clays, of the family of smectites, have stimulated particular 

interest over the past few decades for application in plentiful scientific and 

technological fields,1-15 due to their interesting properties in terms of more controlled 

chemical composition than natural minerals, high thermal stability, high specific 

surface area and acidity, low costs and, especially, excellent chemical versatility.1-3 

Because of the latter, their physico-chemical properties can be easily fine-tuned by 

modifying three main domain levels: 1) the particles size and morphology,2 2) the 

chemical composition of the interlayer space4 and 3) the lamellae framework.5,6 

These modifications can be achieved both i) during the synthesis (by an appropriate 

choice of reactants) and ii) with post-synthesis treatments (i.e. intercalation of 

functionalized organometallic compounds or modulation of the surface features). 

This indicates the possibility to design novel advanced clays with innovative features 

through the proper selection of guest species (i.e. metal ions, dyes…). 

In particular, the introduction of one or more f-block elements (i.e. 

gadolinium/Gd3+, europium/Eu3+, terbium/Tb3+…), as ions or complexes,13-20 in the 

clay structure allows to develop novel metal-functionalized layered systems with 

interesting properties, especially with higher thermal stability and mechanical 

strength than isolated ions or complexes. The resulting materials can assume 

magnetic properties or exhibit light-emitting features, for example, depending on the 

nature of the lanthanide selected for their preparation. 

Recently, we reported the intercalation of different Gd3+-complexes inside 

synthetic saponite clays through a cation-exchange process of the interlayer Na+ ions 

with the cationic chelates (see also Chapter 4 for more details).4 1H-NMR 

relaxometric study on the paramagnetic clays give important information on the 

molecular characteristics of the confined chelates and on the water molecular 

dynamics inside the interlayer space of the saponite, which is largely influenced by 

diffusional factors.4 
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However, the preparation of this new class of intercalated clay materials has two 

main limitations: 1) the relatively high costs of the Gd3+-chelates, whose synthesis 

normally require several steps, quite amount of different reactants and numerous 

purification procedures; 2) the long preparation times to obtain the a single 

paramagnetic clay (see Chapter 4 for more details). 

Starting from these knowledges and to overcome the limitations of the previous 

intercalated clays described above, in the first part of this chapter we explored the 

possibility to introduce lanthanide elements, in form of simple ions, directly in the 

inorganic framework of saponite clays in one single-step of synthesis. Besides, in 

this way the interlayer space remains open to further functionalization (i.e. 

introduction of functionalized compounds…). 

In detail, two different lanthanide ions, Gd3+ and Eu3+, were inserted in the 

tetrahedral in-framework (T-layers) of a synthetic saponite clay by means of an 

innovative one-pot solvothermal procedure, followed by sodium-exchange 

process.24-26 The resulting material, hereafter Na-GdEuSAP, showed both 

paramagnetic and optical/luminescent properties, conferred by gadolinium and 

europium respectively. Clays with only Gd3+ or Eu3+ were also prepared as 

references (named Na-GdSAP and Na-EuSAP, respectively). These properties can 

be exploited synergistically for i) several applications in optoelectronic and 

diagnostic fields and ii) in order to have a more comprehensive view of the chemical 

environment surrounding the lanthanides itself. Besides the paramagnetic features of 

Gd3+, well explored in Chapter 4,  the Eu3+ was chosen because 1) it shares similar 

physico-chemical properties with gadolinium (i.e. trivalent state, ionic radius and 

coordination chemistry), 2) its luminescent features are sensible to changes in the 

local surroundings, thus information on chemical nature and geometrical aspects of 

the environment surrounding the metal sites (i.e. hydration state…) can be 

extrapolated from photoluminescence analyses.13-17 

Besides, the presence of Gd3+ in the same T-layers with Eu3+ also give rise to a 

Gd3+→Eu3+ metal-to-metal energy transfer (MMET) process, which led to an 



Chapter 5 

 
114 

increase of the emission of the europium upon excitation of the gadolinium. In order 

to further improve the luminescence properties of Eu3+ ions in the bifunctional Na-

GdEuSAP clay, an “antenna system” (1,10-phenantroline, Phen) was intercalated, in 

the interlayer space of the sample, at different loadings, obtaining the final composite 

materials hereafter collectively called Phen-GdEuSAP. Na+-exchanged saponites 

(Na-SAP, see Chapter 3) intercalated with Phen were also prepared as references 

(named Phen-SAP). Phen is able coordinate to the metal centres,28 harvesting and 

transferring energy to the nearby emitting sites of Eu3+ through Förster resonance 

energy transfer (FRET), thus (photo)sensitizing the luminescence of Eu3+ sites.27 

This non radiative ligand-to-metal energy transfer (LMET) mechanism is based on 

a phonon-mediated coulombic (dipolar-dipolar) interaction between Phen and Eu3+. 

A detailed physico-chemical characterization was performed on all the materials 

prepared, and attention was devoted to the investigation of their final photophysical 

and relaxometric properties. 

 

5.2 Experimental Approach 

5.2.1 Materials 

• Synthesis of Na-GdEuSAP clays: synthetic saponite containing Gd3+ and Eu3+ 

ions, , was synthesized by a modified one-pot hydrothermal procedure, adapted 

from the literature (Scheme 1).24-26 A gel with the molar composition of 

[SiO2:MgO:Al2O3:Na2O:GdCl3:EuCl3:H2O] 1:0.835:0.056:0.056:0.01:0.01:20 

and H2O/Si molar ratio of 20 was prepared. In detail, 6.68 g (0.10 mol) of 

amorphous silica (SiO2 fumed, 99.8%) were gradually dispersed in a solution 

prepared by dissolving 0.63 g (0.01 mol) of sodium hydroxide (NaOH) in 45.00 

g (2.50 mol) of ultrapure water (equal to 5/6 of the total water content). The 

obtained gel was then mixed accurately. After 30 min, 24.86 g (0.09 mol) of 

magnesium acetate tetrahydrate (Mg(CH3COO)2∙4H2O, 99%) and 3.20 g (0.01 

mol) of aluminium isopropoxide (Al[OCH(CH3)2]3, ≥ 98 %) were added to the 
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reaction mixture. Simultaneously, suspension with 1:1 molar ratio of anhydrous 

gadolinium chloride (GdCl3; 0.373 g, 0.001 mol) and europium chloride (EuCl3; 

0.353 g, 0.001 mol) in tetraethyl orthosilicate (TEOS; 6.03 mL, 0.03 mol) was 

prepared, the pH was then corrected between 2-3 with 1-2 drops of concentrated 

sulphuric acid (H2SO4) solution and the mixture was left in agitation at RT for 5 

min. After this, 0.50 g (0.03 mol) of ultrapure water were added to the 

suspension, stirred for another 5 min and, finally, introduced into the clay 

synthesis gel. The remaining ultrapure water (5.00 g, 0.28 mol) was then added 

to the reaction mixture. After 4 h, the gel, with a pH between 8-9, was introduced 

into a Teflon cup (125 mL capacity) of an autoclave (Anton Paar 4748) and 

heated in an oven for 72 h at 240 °C. After hydrothermal treatment, the product 

was filtered, washed with hot ultrapure water up to neutral pH and dried in an 

oven overnight at 100 °C. 

The so-produced material called GdEuSAP (was submitted to cation-

exchange procedure in order to ensure a chemical uniformity of the exchange 

sites: 2.50 g of GdEuSAP were dispersed in in 250 mL of saturated sodium 

chloride (NaCl) solution for 36 h at RT to replace all possible cations present (i.e. 

Al3+, Mg2+, H+) with Na+ ions in the interlayer space. Then, the final solid (a-

GdSAP) was filtered, washed with hot ultrapure water until the complete 

elimination of chlorides (confirmed by silver nitrate, AgNO3, spot test) and dried 

in an oven overnight at 100 °C (Scheme 1). 

• Synthesis of Na-GdSAP and Na-EuSAP clays: The preparation of nanosized 

Na-GdSAP and Na-EuSAP samples followed the same procedure described 

above. 
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Scheme 1. Schematic view of the preparation of the bifunctional magnetic and 

optical Na-GdEuSAP clay and related structure. 

• Intercalation of 1,10-phenatroline in Na-GdEuSAP: Phen-GdEuSAP_n (n = 

1x, 2x, 3x) samples were prepared through intercalation of 1,10-phenantroline 

(Phen) in molar quantities of 1-2-3 times the cation-exchange capacity (CEC) of 

Na-GdEuSAP clay (estimated to be 44.7 ± 0.9 meq/100 g) (Scheme 2). In detail, 

an appropriate amount of Phen was dissolved in 35 mL of ultrapure water at pH 
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between 4-5, then 0.350 g of Na-GdEuSAP were added and the mixture was 

stirred at RT for 6 h. After that, the suspension was centrifugated (8000 rpm for 

5 min) and the solid was washed first with ethanol (EtOH, 5x50 mL) and then 

with hot ultrapure water (5x50 mL). The solid was finally dried in an oven 

overnight at 100 °C.  

Reference materials were obtained by intercalation of Phen molecules in 

pristine Na+-exchanged synthetic saponite clays prepared with the same H2O/Si 

molar ratio and with a CEC of 87.9 ± 2.3 meq/100 g (Na-SAP-20, see Chapter 

3), following the same procedure described above. The samples were named 

Phen-SAP_n, where n = 1x, 2x, 3x. 

 

 

Scheme 2. Schematic view of the intercalation of Phen molecules in the Na-

GdEuSAP clay and related structure. 
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5.3 Results and Discussion 

5.3.1 Characterization of GdEuSAP material 

The Gd3+ and Eu3+ loadings in the bifunctional GdEuSAP clay, determined by 

inductively coupled plasma mass spectrometry (ICP-MS) after mineralization of the 

solid in acidic media, were found to be equal to 0.03 mmol/g and no concentration 

reduction was detected after the Na+-exchange process, thus suggesting that both 

metals are mainly located in the framework positions. The same results were 

observed for the reference GdSAP and EuSAP clays. 

The introduction of both ions in the structure of the final bifunctional clay did not 

alter the crystalline 2:1 T-O-T tri-octahedral layered structure of saponite,24-26 as 

observed by X-ray powder diffraction (XRPD) analyses (Figure 1A). The X-ray 

pattern of GdEuSAP (Figure 1, b) showed the presence of the typical reflections 

assigned to (001), (110)-(020), (004), (130)-(201), (311) and (060) planes of smectite 

clay (Figure 1A, a).1,29 After ion-exchange, a shift of the basal plane (001), from 

6.44° 2 (d-spacing of 1.37 nm) to 7.27° 2 (1.21 nm) was observed (see inset in 

Figure 1A, b-c). Similar results were obtained for GdSAP, EuSAP and Na+-

exchanged derivatives. 

The morphological features of the bifunctional clay were evaluated by scanning 

(SEM) and high-resolution transmission (HRTEM) electron microscopies (Figure 

1B and 1C, respectively). Na-GdEuSAP showed different levels of spatial 

organization of lamellae particles, from single structures with sheet-like morphology 

to aggregate with formation of tactoids of different size, with a tendency to stack on 

top of each other (Figure 1C). The introduction of Gd3+ and Eu3+ ions in the saponite 

structure greatly affects the size of lamellae, which show a range of lengths of a few 

tens of nanometres (Figure 1B), rather similar to saponites prepared with higher 

dilution of the synthesis gel1,2,4 and for Nb5+ and V3+-containing saponites obtained 

with the same H2O/Si = 20.24-26 The distribution of the d(001)-spacing values, obtained 

by counting more than 100 particles, was found to be broad, heterogenous and 
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centred around 1.2-1.3 nm (Figure 1D). Similar results were also observed for 

reference monofunctionalized clays. 

 

Figure 1. A) X-ray powder diffraction profiles of Na-SAP (a), GdEuSAP (b) and 

Na-GdEuSAP (c); diffractograms collected at low angles (2°-15° 2) are reported in 

the insets. B) SEM micrograph of Na-GdEuSAP. C) HRTEM image of Na-

GdEuSAP; the distribution of the d(001)-spacing is shown in D.  

The inclusion of Gd3+ and Eu3+ ions in the framework of the saponite was further 

investigated by one-dimensional 27Al high-power decoupling with magic angle 

spinning solid-state NMR (1D 27Al HPDEC/MAS ssNMR) analyses, carried out on 

Na-GdSAP (Figure 2, b), employed as ‘model’ for these kind of systems, and on a 

parent Na-SAP (Figure 2, a). The data showed two resolved contributions at ca. 66-

67 and 6-9 ppm, in both spectra, associated to tetrahedrally (AlIV) and octahedrally 

https://www.researchgate.net/figure/High-power-decoupling-with-magic-angle-spinning-HPDec-MAS-nuclear-magnetic-resonance_fig2_11434960
https://www.researchgate.net/figure/High-power-decoupling-with-magic-angle-spinning-HPDec-MAS-nuclear-magnetic-resonance_fig2_11434960
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(AlVI) coordinated aluminium, respectively (Table 1).1,29 The integration of the 

respective peaks showed a difference in the relative concentration of tetrahedral and 

octahedral species. The AlIV/AlVI ratio decrease from 1.71 to 1.15 passing from Na-

SAP (a) to Na-GdSAP (b) (Table 1), suggesting that gadolinium tends to be 

preferentially incorporated in the tetrahedral sites of saponite. Consequently, the 

lanthanides are more exposed and accessible to the surrounding water molecules in 

the interlayer region. 

 
Figure 2. 1D 27Al HPDEC/MAS ssNMR spectra of Na-SAP (a) and Na-GdSAP (b). 

Table 1. Isotropic chemical shifts, iso, and concentration of tetrahedral (AlIV) and 

octahedral (AlVI) 27Al sites in saponite samples. 

Sample  
AlIV 

[T-layers] 

AlVI 

[O-layers] 
AlIV/AlVI

 

Na-SAP 
iso [ppm] 66.0 6.9 

1.71 
Area 53.78 31.37 

Na-GdSAP 
iso [ppm] 67.2 9.2 

1.16 
Area 43.35 37.51 

 

The CEC values, evaluated through the classical ultraviolet-visible-near infrared 

(UV-Vis-NIR) method reported in literature,30,31 are comparable for the three 

functionalized clays and they were estimated to be 44.7 ± 0.9 meq/100 g, 45.1 ± 0.5 
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meq/100 g and 43.0 ± 0.7 meq/100 g for Na-GdEuSAP, Na-EuSAP and Na-GdSAP, 

respectively.  

Dynamic light scattering (DLS) analyses were carried out prior the photophysical 

and relaxometric experiments on the lanthanide clays. The samples were dispersed 

in ultrapure water containing 0.1 wt.% of xanthan gum16,32 and measurements were 

performed at 25 °C. The stable and homogeneous suspensions showed 

hydrodynamic size values of 45-60 nm, before and after the ion-exchange process. 

The photophysical properties of the bifunctional Na-GdEuSAP clay, both at solid 

state and in aqueous suspension (with 0.1 wt.% of xanthan gum),16,32 were studied in 

detail by photoluminescence (PL) spectroscopy, obtaining important information on 

the chemical nature and geometrical aspects of the environment surrounding the Eu3+ 

sites. Na-EuSAP was used as reference for a more comprehensive overview of the 

optical features of the bifunctional clay. 

The excitation spectrum at solid state of Na-GdEuSAP (Figure 3A), recorded at 

the most intense emission line of Eu3+ at 615 nm, presented the narrow peaks due to 

the characteristic intra-4f 6 electronic transitions of Eu3+ (7F0-
5HJ,

5DJ,
5LJ) with a max 

at 395 nm ascribed to 7F0-
5L6,

33 while additional 8S7/2-
6IJ (max = 272 nm) and 8S7/2-

6PJ electronic transitions were associated to Gd3+.34 The presence of the latter is a 

good proof of a Gd3+→Eu3+ energy transfer process: this effect is related to the partial 

overlapping of their energy levels of the two metals, as indicated in the Jablonski 

energy diagrams reported in Figure 3D. The MMET mechanism can be exploited to 

enhance the optical emission of the Eu3+ sites.35 The same transitions were observed 

in the spectrum in aqueous suspension. 

The emission spectra at solid state of Na-GdEuSAP, collected under irradiation 

at both 272 nm (max of Gd3+) and 395 nm (max of Eu3+) (Figure 3B), showed the 

characteristics emission peaks of the intra-4f 6 electronic levels of Eu3+ (5D0-
7FJ, J = 

0-4).33 An enlargement magnification of the 564-583 nm range (Figure 3C) indicates 

the presence of two weak bands at 572 and 578 nm related to the 5D0-
7F0 transition, 

under both excitation wavelength. The multiplicity of this band is associated with 
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the heterogeneity of the Eu3+, since both the initial and final states are non-

degenerate. Two chemically distinct environments or coordinated sites of Eu3+ may 

be present.36 Most importantly, upon excitation of Gd3+ there is an increase in the 

intensity of the hypersensitive 5D0-
7F2 transition at 615 nm of Eu3+ compared to the 

direct excitation of the latter  of ca. 240%, thus suggesting the occurrence of 

Gd3+→Eu3+ ET phenomenon.35 Similar results were obtained in aqueous suspension, 

with a major intensification of the emission of europium of ca. 550%. 

The integrated intensity ratio of the electric dipole/ED 5D0→
7F2 at 615 nm on the 

magnetic dipole/MD 5D0→
7F1 at 592 nm, called asymmetry factor (R), gives 

information on the site geometrical/coordination aspects of Eu3+ centres.37-40 R can 

be close to 0 when the excited Eu3+ are located in a symmetric environment, whereas 

it assumes higher values when the ions are characterized by lower degree of 

symmetry.40 First, the presence of the very intense peak at 615 nm (Figure 3B) 

suggests that symmetry of Eu3+ sites are low.41 Furthermore, R factors for Na-

GdEuSAP, calculated at solid state for both excitation wavelengths, are between 3-

5, thus indicating a highly asymmetrical local environment surrounding Eu3+ sites; 

comparable results were found in aqueous suspension (Table S3, Chapter 8). 
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Figure 3. A) Excitation spectrum at solid state of Na-GdEuSAP, collected at 615 

nm. B) Emission spectra at solid state of Na-GdEuSAP, under excitation at 395 (max 

Eu3+, a) and 272 nm (max Gd3+, b). The enlarged section of emission spectra on the 

564-583 range is shown in C. D) Jablonski energy diagram of Gd3+→Eu3+ energy 

transfer mechanism.35 

The average hydration of the Eu3+ (q) was estimated from the radiative lifetimes 

( ) measured in H2O and D2O (Figure 4A, a-b). The decay curves of the 5D0 excited 

state, obtained by monitoring the luminescence intensity of 5D0-
7F2 at 615 nm under 

excitation at 370 nm, were fitted with a bi-exponential function, obtaining two 

distinct lifetimes from which an average value was calculated, thus indicating the 

presence of two kinds of Eu3+ as previously noted. A value of ca. 4 coordinated water 

molecules, calculated through Eq. (1),37,38,41 was found for Na-GdEuSAP; the same 

hydration state was also found for the reference Na-EuSAP sample (Table S3, 

Chapter 8). 

𝑞𝐸𝑢 = 1.2 ∙ (1 𝜏𝐻2𝑂 −
⁄ 1

𝜏𝐷2𝑂 −
⁄ 0.25) (1) 

The 5D0 intrinsic quantum efficiency of Eu3+ ( Eu
Eu) for Na-GdEuSAP was then 

estimated taking into account the emission spectrum in aqueous suspension at 395 

nm (Figure 4B), the 5D0 lifetime value in H2O (Figure 4A, a) and by using the Eq. 

(2),37,42 where  and  0 are the measured and radiative lifetimes of the Eu3+ emission, 
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respectively. The  0 for Eu3+ can be calculated from the corrected emission 

spectrum, without the intervention of the Judd-Ofelt Theory, using the Eq. (3),37,43 

where AMD,0 is the spontaneous emission probability of the MD 5D0-
7F1 transition in 

vacuo (14.65 s-1), n is the refractive index of the solvent (1.333 for H2O) and Itot/IMD 

is the total area of the corrected emission spectrum on the 5D0-
7F1 area. 

𝛷𝐸𝑢
𝐸𝑢 = 𝜏

𝜏0⁄      (2) 

1
𝜏0⁄ = 𝐴𝑀𝐷,0 ∙ 𝑛

3 ∙ (
𝐼𝑡𝑜𝑡

𝐼𝑀𝐷
⁄ )  (3) 

The values of  Eu
Eu for Na-GdEuSAP was established to be 4.29%, higher than 

the one calculated for Na-EuSAP (3.25%) (Table S3, Chapter 8). 

 

Figure 4. A) PL 5D0-
7F2 (615 nm) intensity decay over time of Na-GdEuSAP 

dispersed in H2O (a) and D2O (b), under irradiation at 370 nm. The curves fitting 

was performed with a bi-exponential function (black lines). C) Emission spectrum 

in aqueous suspension of Na-GdEuSAP under excitation at 395 nm (max Eu3+). 

Photobleaching tests were performed under continuous irradiation both at 395 (a) 

and 272 (b) nm for 1 h, monitoring the emission at 615 nm. In general, Na-GdEuSAP 

showed good photostability in solid form (Figure 5A) and in water (Figure 5B); the 

same behaviour was found for Na-EuSAP. 
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Figure 5. Photobleaching tests of Na-GdEuSAP at solid state (A) and in aqueous 

suspension (B), under irradiation at 395 (a, -●-) and 272 (b, -○-) nm. The intensity 

of 5D0-
7F2 (615 nm) was monitored for 1 h. 

A complete 1H NMR relaxometric study on the Na-GdEuSAP aqueous 

suspension, carried out by analysing the relaxivity parameter (r1)
4,44-46 was 

performed with the aim to investigate the inclusion of paramagnetic ions into the 

framework of a clay material and to gather additional data on the water dynamics in 

the interlayer space4 The Na-GdSAP was used as reference.  

1H 1/T1 nuclear magnetic relaxation dispersion (NMRD) profiles of both Na-

GdEuSAP and Na-GdSAP, collected in the frequency range 0.01-120 MHz at 37 °C 

and neutral pH (Figure 6A), show the typical shape of slowly tumbling systems)51 

characterized by a broad and intense hump centred at 30-40 MHz; at higher fields, 

r1 decreases gradually while maintaining values higher than those at low field range. 

Both materials showed improved relaxometric performances at high magnetic fields 

compared to the commercially available Gd3+-chelates,4 while being analogous at 20 

MHz to the GdL1/SAP clay (Figure 7), previously studied in Chapter 4,4 and to some 

Gd3+-doped microporous zeolites.47 At 60 MHz, the r1 of lanthanide clays is even 

higher than GdL1/SAP. (Figure 7). The r1 is also greatly influenced by water 

diffusion phenomena through the interlamellar region, as suggested by the increase 

of r1 with temperature (Figure 6C). The four Gd3+ inner-sphere water molecules (A), 

whose number was obtained from PL analyses (Table S3, Chapter 8), exchange 
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quickly with the intra-interlayer water molecules (B, not coordinated to Gd3+), then 

diffuse through the saponite gallery and slowly exchange with the bulk water (C) 

outside the lamellae (Figure 6B). Therefore, the diffusion is the rate-limiting step of 

the whole relaxation effect, as previously observed in clays (Chapter 4)4 and zeolite-

based systems.47 

 

Figure 6. A) 1/T1 
1H-NMRD profiles of Na-GdSAP (a, -○-) and Na-GdEuSAP (b, -

●-) at 37 °C, over the frequency range 0.01-120 MHz and neutral pH. B) Schematic 

representation of the “two-step” model to account the relaxation effect in the 

lanthanide clays. C) Variable-temperature dependence of r1 for Na-GdSAP (a) and 

Na-GdEuSAP (b), at 20 MHz. 



Chapter 5 

 
127 

 

Figure 7. Comparison of r1 at 20 (A) and 60 (B) MHz for GdL1,4 GdL1/SAP,4 Na-

GdSAP and Na-GdEuSAP, at 25 °C and neutral pH. 

The 1H-NMRD profiles of Na-GdEuSAP and Na-GdSAP (Figure 6A, a-b) were 

analysed by fitting the data to a “two-step” model47,48 based on a heavily modified 

version of the Solomon-Bloembergen-Morgan (SBM) and Freed equations, which 

considers only the inner-sphere (IS) contribution to the proton relaxation 

mechanisms.49,50 This model considers two separate water exchange processes, one 

1) between the Gd3+ bound water (A) and the water inside the interlayer space and 

the other 2) between the water inside with that outside the clay. New diffusional 

parameters were evaluated during the best-fit procedure.47,48 In particular: a) c is the 

number of free water molecules inside the saponite per Gd3+ ion, b) 1/T1 SAP is the 

relaxation rate of water protons inside the saponite and c)  SAP is the mean residence 

time of the water protons inside the saponite (Table 2). In the fitting procedure,  R 

was fixed to 0.08 s, while the number of Gd3+ inner-sphere water (q) was fixed to 

4 as determined by PL analyses (Table S3, Chapter 8).  The NMRD curves are well 

reproduced and the resultant fitted parameters are given in Table 2 (full list in Table 

S4, Chapter 8). A good fit of the data for both solids was obtained with M of 0.4-05 

s, a number of intra-interlayer water molecules c between 34-36 and  SAP values 

between 43-48 s, two times longer than  M, indicative of the slow exchange process 

between the water inside the lamellae channel and the bulk water. 
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Table 2. Selected best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (37 °C) for Na-GdSAP and Na-GdEuSAP samples. A table with all the 

parameters used in the fit analysis is reported in Table S4 in Chapter 8. aData from 

PL Analyses (Table S3, Chapter 8). 

 
20r1 

[mM-1s-1] 
q c 

  M 

[s] 

 SAP 

[s] 

Na-GdEuSAP 13.00 4a 34.81  0.48 43.89 

Na-GdSAP 13.31 4a 36.00  0.56 47.41 

 

To evaluate the chemical integrity of the functional materials and the stability of 

the suspensions, the r1 value of Na-GdEuSAP sample was evaluated over time in 

different aqueous media. The r1 remains constant in water at 20 MHz and 25 °C up 

to 24 h. The sample was then treated with an increasing amount of 

ethylenediaminetetraacetic acid (EDTA) ligand (Figure 8). No release of 

paramagnetic Gd3+ ions in solution was observed in the presence of high EDTA 

concentrations, even over time at the highest [EDTA]/[Gd] molar ratio.53 The 

changes in r1 values are mainly due to perturbation of the water exchange dynamics 

and aggregation of nanoparticles. The data confirmed the high chemical stability of 

the systems.  

 

Figure 8. Histograms of r1 at 20 MHz and 25 °C of Na-GdEuSAP treated with an 

increase amount of EDTA (A) and over time (with [EDTA]/[Gd] = 4.070) (B). 
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5.3.2 Luminescence enhancement of GdEuSAP by intercalation of 

Phen 

A detailed multi-technique study was then carried out on the final Phen-GdEuSAP 

and Phen-SAP materials, with attention on the nature of the energy transfer from the 

excited triplet state (T1) of Phen ligand to the nearby emitting states of Eu3+.  

The XRPD analyses, carried out on the bifunctional composite materials, 

confirmed the intercalation of the Phen in the Na-GdEuSAP clay (Figure 9A), as 

indicated by the marked shift of basal plane (001) reflections in the Phen-GdEuSAP 

samples (b-d) compared to the starting bifunctional clay (a) (see inset in Figure 9B), 

from 7.27° 2 (1.21 nm) to 6.40°-6.45° 2 (1.34-1.38 nm). Similar behaviour was 

also noted for the reference Phen-SAP solids.  

 

Figure 9. A) X-ray powder diffraction profiles of Na-GdEuSAP (a), Phen-

GdEuSAP_1x (b), Phen-GdEuSAP_2x (c) and Phen-GdEuSAP_3x (d). 

Diffractograms collected at low angles (2°-15° 2) are reported in B.  

Thermogravimetric analyses (TGA) were performed to i) further confirm the 

presence of the Phen inside the interlayer of the Na-GdEuSAP, ii) to evaluate their 

thermal stability in the intercalated materials and iii) to quantify the amount of 

intercalated Phen. The TGA profiles of Phen-GdEuSAP samples, collected under 

oxygen flow (Figure 10A), show the classical weight loss of the clay at 100 °C 
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(physisorbed water) and in the range of 150-750 °C (gradual release of interlamellar 

water/initial dehydroxylation of the layered structure). The decomposition peak of 

the organic Phen shifts from to 355 °C (Figure 10A) to 570-630 °C (Figure 10B,), as 

observed in the DTG profiles. The increase of the thermal stability of Phen confirms 

its presence in the interlayer space.4 Similar results were obtained for reference Phen-

SAP solids. The amount of intercalated ligand, expressed as mmol of Phen per one 

gram of saponite, was then extrapolated from the TGA curves and the results are 

reported in Table 3. The intercalated amount of Phen in the reference Na-SAP 

samples seems to have a non-linear correlation with the starting loading (x), contrary 

to what is observed for Na-GdEuSAP materials: this could be attributed so several 

reason, for which a more comprehensive study is needed in the future. 

 

Figure 10. TGA (A) and DTG (B) profiles of Phen (a), Phen-GdEuSAP_1x (b, blue), 

Phen-GdEuSAP_2x (b, green) and Phen-GdEuSAP_3x (d, orange). The analyses 

were carried out under oxygen flow. 

Table 3. Phen loading in Phen-GdEuSAP_n and Phen-SAP_n (n = 1x, 2x, 3x) 

samples. 

Sample 
Phen content 

[mmol/g] 

Phen-SAP_1x 0.568 

Phen-SAP_2x 0.665 

Phen-SAP_3x 0.783 
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Phen-GdEuSAP_1x 0.283 

Phen-GdEuSAP_2x 0.565 

Phen-GdEuSAP_3x 0.960 
  

UV-Vis-NIR spectra of all the composite materials were collected in aqueous 

suspensions (with 0.1 wt.% of xanthan gum16,32) to obtain the max of absorption of 

the intercalated Phen, which was found to be at 275 nm (S0→S1: →* electronic 

transition)(*), in accordance with the literature.54 

The photophysical properties of Phen-GdEuSAP and Phen-SAP, were thoroughly 

investigated by PL spectroscopy, at the solid state and in aqueous suspensions 

containing 0.1 wt.% of xanthan gum16,32, in order to obtain information on the 

dependence of the energy transfer on the Phen loadings and to evaluate the 

parameters that control the FRET/LMET process from Phen to Eu3+.27 The Phen 

acted as an energy donor species (donator, D) to the metal ion (acceptor, A), leading 

to the formation of an “D-A system” that greatly enhance the luminescence of Eu3+. 

Preliminary analyses were made on the crystalline Phen to derive the position of the 

main excitation (exc = 275 nm, S0-S1)
(*) and emission bands (em = 415 nm, T1-S0).

54 

The excitation spectrum of Phen-GdEuSAP_2x collected at solid state at 615 nm 

(Figure 11A), used as a ‘sample model’ to illustrate the properties of the bifunctional 

composite materials prepared, presented the narrow peaks of the characteristic intra-

4f6 electronic transitions of Eu3+ (5D0-
7FJ, J = 0-4; max = 395 nm, 7F0-

5L6;)
33 and 

Gd3+ (8S7/2-
6IJ, max = 272 nm; 8S7/2-

6PJ)
34, as previously observed in the Na-

GdEuSAP (Figure 3A), and the S0-S1 electronic transition of Phen located at 275 

nm.54 The emission spectra of the Phen-GdEuSAP_2x, measured at solid state under 

irradiation at both 275 (exc Phen) and 395 nm (exc Eu3+) (Figure 11B), showed that 

upon excitation of organic moieties there is a marked increase in the intensity of the 

hypersensitive 5D0-
7F2 transition at 615 nm of Eu3+ compared to the direct excitation 

of the metal, thus suggesting the occurrence of the FRET process from Phen→Eu3+ 

(Figure 11C). The best optical improvement was observed with the Phen-
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GdEuSAP_2x sample (↑ I615 = ca. 2050%), while at the highest loading the 

luminescence is in part quenched (↑ I615 = ca. 1070%), probably by aggregation of 

Phen molecules. The sample with the lowest Phen loading presents only an 

improvement of ca. 450%; however, the value is higher than the one previously 

found for Na-GdEuSAP by considering the Gd3+-Eu3+ energy transfer (ca. +250%, 

Figure 3B). The energy transfer through an antenna system, even at the lowest 

loading, proved to be the most efficient way to enhance the luminescence of Eu3+ 

centres alone in the clay, compared to the MMET mechanism. 

 

Figure 11. A) Excitation spectrum at solid state of Phen-GdEuSAP_2x, collected at 

615 nm. B) Emission spectra at solid state of Phen-GdEuSAP_2x, under excitation 

at 392 (max Eu3+, a) and 275 nm (max Phen, b). C) Schematic view of the 

Phen→Eu3+ FRET process.27 
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The results observed were further confirmed by a more deeply analyses of the 

parameters that describe the efficiency (EEnT or sens), the constant rate (kEnT) and the 

overall quantum yield ( Phen
Eu) of the FRET process (see Eq. (4-5-6), 

respectively).55-57 The parameters were derived from the analyses of the radiative 

lifetime of D-only ( D, Phen-SAP) and D-A ( DA, Phen-GdEuSAP) systems 

collecting the decay curves of the S0 excited state of Phen donor group at 415 nm, 

under excitation at 295 nm in solid form and in suspensions (Table 4). The Phen-

GdEuSAP_2x, whose results are reported in Table 4, proved to be the best material 

in terms of enhancement of emission properties of Eu3+. A full list of the parameters 

analysed for all the composite materials is reported in Table S5 in Chapter 8. 

𝐸𝐸𝑛𝑇 (𝑜 𝜂𝑠𝑒𝑛𝑠) [%] = (1 −
𝜏𝐷𝐴

𝜏𝐷
) ∙ 100 (4) 

 𝑘𝐸𝑛𝑇 [𝑠−1] = (
1

𝜏𝐷𝐴
−

1

𝜏𝐷
)   (5) 

𝛷𝐸𝑢
𝑃ℎ𝑒𝑛 [%] = [𝜂𝑠𝑒𝑛𝑠 · 𝛷𝐸𝑢

𝐸𝑢] ∙ 100  (6) 

Table 4. Radiative lifetime ( ) of Phen-SAP_2x (D) and Phen-GdEuSAP_2x (DA) 

samples at solid state (SS) and in aqueous suspensions (H2O), under excitation at 

295 nm, and efficiency (EEnT), constant rate (kEnT) and overall quantum yield ( 

Phen
Eu) parameters of the FRET mechanism. a Eu

Eu Na-GdEuSAP (in H2O), used in 

Eq. (6) = 4.29% (Table S3, Chapter 8). 

 SS H2O 

 
D
 [ns] 4.28 4.41 

 
DA

 [ns] 3.37 3.82 

kEnT [s-1] 6.31E+07 6.83E+07 

EEnT [%] 21.26 24.71 

 Phen
Eu [%][a] / 1.06 
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The average hydration of the Eu3+ (q) was also estimated after the intercalation of 

the Phen molecules from the  values measured in H2O and D2O, by monitoring the 

615 nm emission and using the Eq. (2).37,38,41 The decay curves of the 5D0 excited 

state of Eu3+, fitted with a bi-exponential function, show a reduction of the number 

of inner-sphere water of luminescent metal (and of Gd3+) from ca. 4 of Na-GdEuSAP 

to an average of ca. 1 (near 0 for 2x and 3x samples) for Phen-GdEuSAP (Table S6, 

Chapter 8), thus confirming the coordination of Phen molecules to the metal centres. 

An evaluation of the colorimetric performance of Phen-SAP and Phen-GdEuSAP 

materials was also carried out, obtaining the chromaticity coordinates (xy) and 

related parameters according to CIE 1931 colour spaces,58 as reported in Figure 12 

(see also Table S7 in Chapter 8). The LMET process led to emissions in the blueish-

violet visible region of the electromagnetic spectrum for Phen-GdEuSAP samples, 

compared to the pure red emission of the direct excitation of Eu3+ sites. 

 

Figure 12. CIE 1931 xy chromaticity diagrams of Phen-GdEuSAP_n (n = 1,2,3x), 

at exc = 275 (A) and 395 nm (B). 
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Finally, the aqueous suspension of Phen-GdEuSAP_2x sample was submitted to 

preliminary 1H-NMR relaxometric analysis, measuring the 1/T1 
1H NMRD profile at 

37 °C (Figure 13). The profile of Phen-GdEuSAP_2x (b), compared to the one of 

Na-GdEuSAP sample (a), showed lower r1 values at high magnetic fields (20-90 

MHz), with a narrower hump centred at 30 MHz. This effect could be partially 

attributed to the reduction of the inner-sphere water of Gd3+, as derived from PL 

analyses (Table S3, Chapter 8). A more comprehensive study will be performed in 

the future to get additional information of the relaxometric properties of the Phen-

GdEuSAP materials. 

 

Figure 13. Comparison of 1/T1 
1H-NMRD profiles of Na-GdEuSAP (a) and Phen-

GdEuSAP_2x (b) at 37 °C, over the frequency range 0.01-120 MHz and neutral pH. 

 

5.4 Conclusions 

Two different lanthanide ions, gadolinium and europium, were directly inserted in 

the tetrahedral positions of the framework of a synthetic saponite clay, taking 

advantage of a novel one-pot hydrothermal synthetic procedure using a H2O/Si molar 

ratio of 20 and a 1:1 molar ratio between the metals. The solid so prepared was 

submitted to a sodium-exchange process, obtaining the final novel bifunctional 
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layered material (named Na-GdEuSAP) which presents both paramagnetic and 

luminescent properties. Materials with only gadolinium (GdSAP) or europium 

(EuSAP) were also prepared as references. A detailed physico-chemical 

characterization was performed on the materials, and attention was devoted to the 

investigation of the final photophysical and relaxometric properties. 

Structural and morphological analyses indicate that the inclusion of the 

lanthanides in the structure of the final bifunctional clay did not alter the basic 

layered features of the saponite. The presence of gadolinium and europium in the 

tetrahedral sheets was further confirmed by 27Al solid state NMR experiments. The 

decrease of the molar ratio of tetrahedral on octahedral coordinated aluminium 

species suggests that lanthanides tends to be preferentially incorporated in the 

tetrahedral units of the clay. Consequently, the ions are more exposed and accessible 

to the surrounding water molecules in the interlayer region.  

The photophysical properties of the bifunctional Na-GdEuSAP clay were deeply 

investigated both at solid state and in aqueous suspensions, obtaining important 

information on the chemical nature and geometrical aspects of the environment 

surrounding the europium sites. The presence of both gadolinium and europium in 

the same layers give rise to an energy transfer from Gd3+ to Eu3+, which increased 

the luminescence of europium. The chemical environment around the luminescence 

metal resulted to be highly asymmetric, with Eu3+ ions coordinated to four inner-

sphere water molecules. 

The luminescence performance of the Na-GdEuSAP sample were further 

improved by intercalation into interlayer space of 1,10-phenantroline, at different 

loadings, which acted as an “antenna system”. Indeed, phenanthroline molecules 

harvest and transfer energy to the nearby emitting states of europium by Förster 

resonance energy transfer process, thus photosensitizing the emission from the 

europium centres. The energy transfer with the antenna system, even at low loadings 

(especially true for the Phen-GdEuSAP_2x sample), proved to be the most efficient 
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way to enhance the luminescence of europium alone, especially compared to the 

metal-to-metal energy transfer observed in the starting bifunctional clay.  

 Finally, 1H-NMR relaxometric investigations of the paramagnetic clays were 

carried out in aqueous media, as a function of applied magnetic field strength, 

temperature, in order to obtain more insights on the chemical nature and the 

accessibility of exchange sites and the molecular dynamics of water molecules inside 

the interlayer space of saponite. The NMRD profiles were analysed by fitting the 

data with a “two-step” model that considers two separate water exchange processes, 

one between the gadolinium inner-sphere water and the water in the interlayer space, 

and the other between the latter and the bulk water (outside the lamellae). The data 

extrapolated from the analyses indicated that the inner-sphere water coordinated to 

Gd3+ exchange quickly with the intra-interlayer water molecules (not coordinated to 

the ion), then diffuse through the lamellae channel and slowly exchange with the 

bulk water outside the lamellae. Therefore, the diffusion is the rate-limiting step of 

the whole relaxation effect, as also indicated by the increase of relaxivity as a 

function of temperature. The suspensions remain stable in water over time and in the 

presence of EDTA ligand no release of paramagnetic ions was observed in solution, 

demonstrating the high chemical stability of these materials.  

These features are quite promising for the development of a novel class of 

lanthanide-based multifunctional clay nanomaterials, which can be prepared in 

relatively short time and low cost, for potential applications in several scientific and 

technological sectors, for example for optical/optoelectronic devices and 

luminescent sensors (i.e. detection of hazardous compounds), in magnetic and/or 

optical diagnostic (i.e. new markers for bio-imaging) and to expand the knowledge 

of the physico-chemical properties of layered clay solids. 
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6 

“Bifunctional Eu(III) and Nb(V)-

containing Saponites for Optical 

Detection and Catalytic Abatement 

of Chemical Warfare Agents” 
 

In this chapter, europium and niobium elements were combined with synthetic saponite 

clays obtaining novel layered materials with luminescent and catalytic properties, exploited 

for the optical detection and catalytic oxidative abatement of blistering chemical warfare 

agents (see Figure below). 

The materials were prepared through two different synthetic strategies: i) intercalation 

of europium ions into a niobium-saponite sample and ii) one-pot hydrothermal procedure, 

in which both metals were introduced in the in-framework positions of the clay. 

The samples were tested in simple conditions (in water at neutral pH, room temperature, 

atmospheric pressure and with a mild oxidizing agent) against a simulant of mustard gas 

called (2-chloroethyl)ethyl sulphide, employing a combination of UV-Vis-NIR, liquid NMR 

and Photoluminescence techniques. 
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6.1 Introduction 

Among the weapons of mass destruction , the Chemical Warfare Agents (CWAs), 

commonly defined as “chemical substances (solid, liquid or gas) intended for use in 

military operation to kill, seriously injure or incapacitate humans or animals or 

plants through their highly toxicological effects”,1 have been recognized one of the 

deadliest weapons that humankind have ever invented. Compared to nuclear 

weapons, for example, they are relatively easy to access and deploy and for this 

reason thy represent a greater threat to national and global security. 

The First World War (WWI) is considered as the dawn of the ‘modern chemical 

warfare’ in the history of human race, in which more than 50 different chloride-based 

CWA (i.e. tear gases, chlorine, phosphagen and diphosgene, mustard gas or 

yperite…) were massively deployed on several battlefields, causing approximately 

1.3 million of non-fatal casualties and 90.000-100.000 fatalities.2-5 In the following 

years, several organophosphate-based nerve agents were discovered and some of 

these were later developed for military purposes, thought never been ‘official’ used 

in warfare.2-5 Unfortunately, still nowadays the CWA represent a great safety threat 

towards the global community, due to their illegal employment in current war 

scenarios (even against civilians) and in terrorist attacks,6 against the international 

rules dictated by the “Chemical Weapons Convention” (CWC) administered by the 

Organisation for the Prohibition of Chemical Weapons (OPCW).7 

Based on their effects on humans, the CWAs have been generally categorized in: 

blistering or vesicants chemicals (which cause severe skin, eye and mucosal pain as 

the infamous mustard gas), incapacitating agents (i.e. fentanyl) and nerve gas (i.e. 

Sarin, which mortally affects the nervous system) (Figure 1).8,9 
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Figure 1. Categories of CWAs based on their toxicological effects on human beings. 

Because of their high toxicity and dangerousness to human beings and the 

environment, over the years the development of suitable procedures for the safe 

destruction and abatement of stockpiled CWA has been always an active area of 

research in the scientific community.10,11 On this topic, several protection methods 

have been developed.  

The conventional degradation methodologies are commonly relying on i) physical 

removal (i.e. adsorption on solid materials such as clays, deposition, dissolution with 

organic solvents/petrol/paraffin…), ii) thermal removal (i.e. high temperature, 

combustion…), iii) use of advanced techniques (i.e. microwaves, plasma…) and iv) 

over-stoichiometric oxidation reaction with active chlorine-based oxidants (i.e. basic 

solutions, detergents, chlorinated lime, decon solution with sodium and calcium 

hypochlorite, NaOCl and Ca(ClO)2 respectively, or dichloroisocyanurate …).12-15 

However, even though they proved to be effective and safe for technical operators 

and personnel, all these techniques need huge amounts of reactants and energy and 

this poses several non-negligible problems in terms of safety, environmental and 

economical sustainability, costs and disposal of the detoxified by-products.10,11,16 
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To overcome these drawbacks, in the last years the research has focused on the 

development of more effective, cheap and reliable heterogeneous and nanostructured 

solid catalysts for the selective oxidation of CWAs into partially or fully oxidized 

nontoxic products.17-21 Several materials were explored in the literature, from 

supported transition metals (V, Mo and Fe) polyoxometalates (POMs),22,23 porous 

oxides with catalytically metal sites (activated by light or with mild oxidizing 

agents),16,24,25 metal-containing silica and zeolite-based nanostructured solids, metal 

organic frameworks (MOFs) and modified activated carbons.19,20,26-29 

Recently, layered inorganic materials such as phyllosilicate clays, in particular 

Fe-bentonites32 and synthetic smectite saponites,30,31 have been used effectively in 

the decontamination of hazardous CWAs, due to their advantages such as high 

robustness, high chemical versatility, enhanced adsorption capabilities and very low 

production costs.33-35 Above all, saponite clays with relatively high surface acidity 

bearing in-framework Nb5+ sites were successfully employed in the selective 

oxidization of the organosulphur (2-chloroethyl)ethyl sulphide (CEES or 2-CEES), 

a simulant of the sulphur mustard CWA (blister HD agent) with comparable 

chemical architecture and reactivity but remarkably reduced toxicity, into 

nonnoxious products (i.e. sulfoxides) under mild conditions (in organic solvents with 

aqueous hydrogen peroxide, H2O2).
30,31 

Another important aspect relating to the control of highly toxic CWAs concerns 

their detection, both before (as a form of prevention) and after their ‘deployment’: 

indeed, during  hazardous materials (“hazmat”) incidents, the rapid recognition and 

identification of CWAs is vital to the protection of first responders and emergency 

medical personnel at local medical facilities as well as to the effective treatment of 

casualties.3,4,12,36,37 Besides standard equipment which rely on conventional handheld 

detectors, commonly adopted by several military forces around the world,1 an 

important and growing area of the research is the development of more sensitive and 

selective analytical systems in form of molecular or material bio/chemosensors, 

particularly to “sense” sulphuric and organophosphorus CWAs.39-43 On this regard, 
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compounds containing luminescent lanthanides as europium (Eu3+), generally as 

complexes with/without organic antenna groups or combined with other metals as 

iridium,44-46 have been recently proposed as ideal candidates for the design of novel 

optical chemosensors (i.e. ratiometric, colorimetric..), by exploiting their 

luminescent properties.47 The trivalent europium ion shows unique spectroscopic 

characteristics, including long fluorescence lifetime, high quantum efficiency, large 

Stoke shift (with excitation in the ultraviolet region and emission in the UV-Visible 

range) and narrow and intense emission bands highly sensible to slightly changes in 

the chemical surroundings. Moreover, it is relatively non-toxic.48 The sensing 

capacity of Eu3+ rely upon modulation of its luminescence emission in the presence 

of the target CWA, made possible by a high coordinative affinity for 

phosphoryl/phosphonyl bonds (P=O) and sulphur groups, which can occur via 

multiple pathways: i) competitive binding (static quenching), ii) chemical reactivity 

and iii) subsequent binding of degradation products, iv) hydrolysis or v) alteration of 

the local chemical environment in close proximity to the metal.47,49-52  

To the best of our knowledge, the combination of both detection and catalytic 

degradation capabilities of CWAs into a single nanostructured material, and the 

application of these properties in real life-like (i.e. in water) experimental conditions, 

have not been fully explored yet in the literature. Thus, for the first time in this study 

we aimed at designing multifunctional solids with both optical recognition and 

decontamination abilities, with the purpose to test them in a water environment. 

Thanks to knowledge acquired in previous chapters, related to the inclusion of 

lanthanides in the interlamellar space or in the framework of synthetic saponite clays, 

in this work Eu3+ centres were incorporated into NbSAP clays (whose abatement 

performance has been well studied)30,31 in different ways by properly modifying the 

synthetic protocol. Eu3+ species were inserted, together with Nb5+ ions, directly in 

the saponite framework through a one-pot (single-step) procedure (material hereafter 

named NbEuSAP), or introduced in the interlamellar region by post-synthesis cation-

exchange process on a NbSAP clay30,31 (sample named Eu-NbSAP) (Figure 2). A 



Chapter 6 

 
148 

solid containing only Nb5+ species was prepared as reference (called NbSAP) using 

a synthetic procedure established in literature by Costenaro et al.30,31 EuSAP and 

SAP-20 clays, prepared in Chapter 5 and 5 respectively, were also used as references 

in some measurements. All functionalized materials were submitted to a complete 

characterization from the physico-chemical point of view. Particular attention was 

devoted to the optical detection and catalytic oxidative tests against the CEES 

simulant, which were performed in ‘practical’ or more simple experimental 

conditions, especially if compared to previous studies executed in organic phase (n-

heptane):30,31 in aqueous medium at neutral pH, at room temperature (RT, 25 °C) and 

atmospheric pressure (1 atm) and with a mild oxidizing agent (30 wt.% aqueous 

H2O2). 

 

Figure 2. Different synthetic pathways adopted for the preparation of NbSAP (A), 

Eu-NbSAP (B) and one-pot NbEuSAP (C) clays. 
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6.2 Experimental Approach 

6.2.1 Materials 

• Synthesis of NbSAP clay: Nanosized synthetic saponite containing Nb5+, 

positioned in the tetrahedral positions of the framework, was synthesized 

following the hydrothermal procedure adopted in the literature by Carniato et al. 

(Scheme 1, A).30,31 A gel with the molar composition of 

[SiO2:MgO:Al2O3:Na2O:Nb(OEt)5:H2O] 1:0.835:0.056:0.056:0.01:20 and 

H2O/Si molar ratio of 20 was prepared. In detail, 8.50 g (0.13 mol) of amorphous 

silica (SiO2 fumed, 99.8%) were gradually dispersed in a solution prepared by 

dissolving 0.63 g (0.01 mol) of sodium hydroxide (NaOH) in 50.00 g (2.78 mol) 

of ultrapure water. The obtained gel was then mixed accurately. After 1 h, 24.86 

g (0.09 mol) of magnesium acetate tetrahydrate (Mg(CH3COO)2∙4H2O, 99%) 

and 3.20 g (0.01 mol) of aluminium isopropoxide (Al[OCH(CH3)2]3, ≥ 98 %) 

were added to the reaction mixture and stirred for 2 h. After that, 347 L (0.001 

mol) of niobium ethoxide (Nb(OEt)5, 99.95%) were added and the gel was left 

to stir for 15 min. After this, the gel, with a pH between 8-9, was introduced into 

a Teflon cup (125 mL capacity) of an autoclave (Anton Paar 4748) and heated in 

an oven for 72 h at 240 °C. After hydrothermal treatment, the product was 

filtered, washed with hot ultrapure water up to neutral pH and dried in an oven 

overnight at 100 °C. 

The so-produced material called NbSAP (12.85 g of white powder) was 

submitted to cation-exchange procedure (in order to ensure a chemical 

uniformity of the exchange sites): 2.50 g of NbSAP were dispersed in 250 mL of 

saturated sodium chloride (NaCl) solution for 36 h at RT to replace all possible 

cations present (i.e. Al3+, Mg2+, H+) with Na+ ions in the interlayer space. Then, 

the solid material (named Na-NbSAP) was filtered, washed with hot ultrapure 

water until the complete elimination of chlorides (confirmed by silver nitrate, 

AgNO3, spot test) and dried in an oven overnight at 100 °C. 
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• Preparation of Eu-NbSAP clay via Eu3+-exchange of Na-NbSAP: The 

introduction of Eu3+ ions in the interlamellar region of Na-NbSAP clay was 

achieved by classical cation-exchange procedure (Scheme 1, B).53 The europium 

chloride precursor was added in a molar quantity equal to the CEC of Na-NbSAP 

(estimated to be 45.4 ± 1.3 meq/100 g). In details, 1.00 of NbSAP was dispersed 

in 125 mL of ultrapure water containing 0.117 g of anhydrous europium chloride 

(EuCl3; 4.53E-4 mol) and stirred for 36 h at RT. After that, the final material 

(named Eu-NbSAP) was filtered, washed with hot ultrapure water and dried in 

an oven overnight at 100 °C. 

• Synthesis of NbEuSAP clay via one-pot procedure: Nanosized synthetic 

saponite containing both Eu3+ and Nb5+ in the tetrahedral layers of clay structure 

was synthesized by a modified one-pot hydrothermal procedure, adapted from 

the literature30,31 and from Chapter 5 (Scheme 2). A gel with the molar 

composition of [SiO2:MgO:Al2O3:Na2O:Nb(OEt)5:EuCl3:H2O] 

1:0.835:0.056:0.056:0.01:0.01: 20 and H2O/Si molar ratio of 20 was prepared. In 

detail, 3.51 g (0.053 mol) of SiO2 fumed (99.8%) were gradually dispersed in a 

solution prepared by dissolving 0.30 g (0.005 mol) of NaOH in 22.50 g (1.25 

mol) of ultrapure water. The obtained gel was then mixed accurately. After 30 

min, 24.86 g (0.09 mol) of Mg(CH3COO)2∙4H2O (99%) and 3.20 g (0.01 mol) of 

Al[OCH(CH3)2]3 (≥ 98 %) were added to the reaction mixture. Simultaneously, 

a suspension with of anhydrous EuCl3 (0.177 g, 6.85E-4 mol) in tetraethyl 

orthosilicate (TEOS; 3.02 mL, 0.015 mol) was prepared, the pH was then 

corrected between 2-3 with 1-2 drops of concentrated sulphuric acid (H2SO4) 

solution and the mixture was left in agitation at RT for 5 min. After this, 0.25 g 

(0.015 mol) of ultrapure water were added to the whitish suspension, stirred for 

another 5 min and, finally, introduced into the clay synthesis gel. The remaining 

ultrapure water (2.50 g, 0.14 mol) was then added to the reaction mixture. After 

2 h, 167 L (6.65E-4 mol) of Nb(OEt)5 (99.95%) were added and the gel was 

left to stir for another hour. After this, the gel, with a pH between 8-9, was 
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introduced into a Teflon cup (125 mL capacity) of an autoclave (Anton Paar 

4748) and heated in an oven for 72 h at 240 °C. After hydrothermal treatment, 

the product was filtered, washed with hot ultrapure water up to neutral pH and 

dried in an oven overnight at 100 °C. 

The so-produced material called NbEuSAP (7.80 g of white powder) was 

submitted to cation-exchange procedure (in order to ensure a chemical 

uniformity of the exchange sites): 2.50 g of NbEuSAP were dispersed in 250 mL 

of saturated NaCl solution for 36 h at RT to replace all possible cations present 

(i.e. Al3+, Mg2+, H+) with Na+ ions in the interlayer space. Then, the solid material 

(named Na-NbEuSAP) was filtered, washed with hot ultrapure water until the 

complete elimination of chlorides (confirmed by AgNO3 spot test) and dried in 

an oven overnight at 100 °C. 
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Scheme 1. Schematic view of the preparation of NbSAP30,31 (A) and Eu-NbSAP 

(B) clays. 

 

 

Scheme 2. Schematic view of the preparation of NbEuSAP clay. 
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6.3 Results and Discussion 

6.3.1 Characterization of Eu(III)/Nb(V)-containing saponite materials 

The Nb5+ and Eu3+ content in the prepared samples were determined by 

inductively coupled plasma mass spectrometry (ICP-MS) after mineralization of the 

solids in acidic media, and the results are reported in Table 1. The Eu-NbSAP sample 

showed an amount of structural Nb5+ and intercalated Eu3+ equal to 0.18 and 0.30 

mmol/g, respectively. The Nb5+ content remained unchanged after europium-

exchange. The one-pot sample NbEuSAP, instead, presented a lower content of both 

metals compared to the Eu-NbSAP. This can be attributed to a competition effect 

between the Nb5+ and Eu3+ ions during the formation of the tetrahedral units in the 

synthetic gel. 

Table 1. Amount of Nb5+ and Eu3+ ions obtained from elemental analyses on EuSAP, 

NbSAP, Eu-NbSAP and NbEuSAP. aData from Chapter 5. 

Sample 
Nb5+ 

[mmol/g] 

Eu3+ 

[mmol/g] 

EuSAP[a] / 0.03 ± 1.00E-3 

NbSAP 0.19 ± 1.98E-3 / 

Eu-NbSAP 0.18 ± 1.70E-3 0.30 ± 2.05E-3 

NbEuSAP 0.02 ± 1.57E-3 0.03 ± 1.65E-3 

 

The CEC values, evaluated through the classical UV-Vis-NIR method reported in 

literature,58,59 were estimated to be 45.5 ± 1.3 meq/100 g and 59.9 ± 1.1 meq/100 g 

for NbSAP and NbEuSAP, respectively. The values are similar of those reported for 

nanosized Nb5+-saponites30,31 and Ln3+-SAP clays from Chapter 5.  

The structural properties of prepared solids were evaluated by X-ray powder 

diffraction (XRPD) analyses (Figure 3A and B). The addition of niobium and 

europium did not change the basic structure of the clay,30,31,55 as observed by the 

presence and relative positions of the (001), (110)-(020), (004), (130)-(201), (311) 

and (060) reflections (Figure 3A).33-35 The shift of the basal plane (001) from 6.70° 
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2 (d-spacing of 1.32 nm) in NbSAP (b) to 6.10° 2 (1.45 nm) in Eu-NbSAP (c) 

(Figure 3B) confirms the introduction of Eu3+ ions in the interlayer space of the 

sample. This effect can also be partially attributed to the hydration sphere of the 

intercalated Eu3+ ions, bigger than that of Na+ ions. The NbEuSAP sample showed a 

negligible shift of the basal plane if compared to NbSAP clay, with a value of 6.40° 

2 (1.38 nm) (Figure 3B, d). This value is in line with those of 

paramagnetic/luminescent saponite clays with structural Gd3+ and Eu3+ (Ln3+-SAP) 

described in Chapter 5. 

 

Figure 3. A) X-ray powder diffraction profiles of SAP-20 (a), NbSAP (b), Eu-

NbSAP (c) and NbEuSAP (d); diffractograms collected at low angles (2°-15° 2) are 

reported in Frame B. 

The stability of the aqueous suspensions of the prepared materials was evaluated 

by dynamic light scattering (DLS) analyses (Figure 4). The samples were dispersed 

in ultrapure water containing 0.1 wt.% of xanthan gum60,61 and measurements were 

performed at 25 °C. The homogenous suspensions remained stable for several hours, 

showing general hydrodynamic size values in the nanometric range of 45-70 nm 

(Figure 4), in agreement with results on Nb5+-saponites from literature.30,31  
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Figure 4. DLS analysis at 25 °C of NbSAP (a), Eu-NbSAP (b) and NbEuSAP (c) 

aqueous suspensions containing 0.1 wt.% of xanthan gum. 

The morphological features of NbSAP, Eu-NbSAP and NbEuSAP samples were 

evaluated by high-resolution transmission electron microscopy (HRTEM) (Figure 

5A-C). The materials showed different levels of spatial organization of lamellae 

particles (i.e. from sheet-like single structures to tactoids of different size), with a 

range of lengths of a few tens of nanometres, analogous to previous Nb5+-

saponites30,31 and Ln3+-SAP clays (Chapter 5) prepared with a H2O/Si of 20. The 

distribution of the d(001)-spacing values, acquired by counting more than 100 

particles, was found to be slightly broad, heterogenous and centred around 1.3-1.5 

nm (Figure 5D-F). For Eu-NbSAP sample (E) the d(001) was estimated to be 1.44 nm, 

from 1.30 nm of NbSAP (D), further established the success of the intercalation of 

Eu3+ ions. Accordingly, a schematic view of the structures of NbSAP, Eu-NbSAP 

and NbEuSAP is reported in the G, H and I frames, respectively. 
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Figure 5. HRTEM micrographs of NbSAP (A), Eu-NbSAP (B) and NbEuSAP (C).   

The distribution of the d(001)-spacing are shown in D, E, F respectively. Schematic 

illustrations of NbSAP (G), Eu-NbSAP (H) and NbEuSAP (I) structures. 

The coordination state of the Nb5+ species in NbSAP, Eu-NbSAP and NbEuSAP 

samples was investigated by diffuse reflectance ultraviolet-visible-near infrared (DR 

UV-Vis-NIR) spectroscopy (Figure 6), by diluting the solid samples in barium 

sulphate matrix (at 20 wt.%). The DR UV-Vis-NIR spectra of the samples showed 

two main absorptions: the most intense at 235/250 nm is assigned to charge transfer 

transitions between oxygen atoms and Nb5+ centres in tetrahedral coordination 

(“Td”) in the tetrahedral layers, while the second one at 270 nm is related to structural 

octahedral coordinated Nb5+ species (“Oh”) in defective zones of lamellae, due to 

expansion of the metal geometry promoted by water coordination.30,31,21,56 The less 

intense shoulder at 320 nm is commonly associated to the presence of niobium 

oligomers. The band is near absent in NbEuSAP sample (Figure 6, c) and this is 

attributed to the lower Nb5+ loading compared to the other two materials, NbSAP 

and Eu-NbSAP. In all spectra, in general, no absorption bands were detected above 
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400 nm, thus suggesting the absence of large extra-phase niobium oxide (i.e. Nb2O5) 

domains. 

 

Figure 6. Normalized DR UV-Vis-NR spectra of NbSAP (a), Eu-NbSAP (b) and 

NbEuSAP (c), diluted in BaSO4 matrix (20 wt.%), in air and at RT. 

The quantification of acid sites in the samples was performed by using FTIR 

spectroscopy of adsorbed gaseous ammonia (NH3).
57 Figure 7 showed the infrared 

(FTIR) spectra collected after admission of 95 mbar of NH3 on the three samples 

(previously outgassed at 300 °C) and subsequent evacuation at RT for 90 min. The 

spectra of all samples show different bands centred at 1445, 1505, 1575, 1620 and 

1680 cm-1. The bands at 1445 and 1505 cm-1 are due to the asymmetric bending 

modes of ammonium ions (as NH4
+) formed by interaction of basic NH3 with 

Brønsted acid sites (i.e. Si-O(H)-Al, Al-OH on surface).35 The band at 1620 cm-1 is 

due to  of NH3 adsorbed on Lewis acid sites (i.e. Na+ at exchange sites) and/or 

silanols (Si-OH) at the surface of saponite materials. The signal located at 1575 cm-

1, instead, is due to Si-NH2 species formed by interaction of NH4
+ with distorted 

siloxane bridges (Si-O-Si) by condensation of vicinal Si-OH during the thermal 

activation of the sample.35 Finally, the signal at 1680 cm-1 is due symmetric s NH4
+. 

The concentration of Brønsted acid sites ([H+]) was then calculated by considering 

the FTIR bands of adsorbed NH3 at RT using the Eq. (1), where A is the integrated 
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intensity of the band at 1445 cm-1 (as NH4
+ ions),  is the pellet density (g/cm2) and 

 N-H is the molar extinction coefficient of the N-H bond (13 cm/mol).31,33-35 

[𝐻+] = 𝐴
(𝜌 ∙ 𝜀)⁄   (1) 

The total concentration of Brønsted acid sites is comparable between the samples, 

with values of 0.08, 0.09 and 0.11 mmol/g for NbSAP, Eu-NbSAP and NbEuSAP, 

respectively. 

 

Figure 7. FTIR spectra, in the 1800-1300 cm-1 region, of NH3 (95 mbar) adsorbed 

and then evacuated a RT on NbSAP (a), Eu-NbSAP (b) and NbEuSAP (c), outgassed 

at 300 °C. Spectra are reported after subtraction of the relative spectrum before 

ammonia adsorption. 

The photophysical properties of Eu-NbSAP and NbEuSAP clays were studied by 

photoluminescence (PL) spectroscopy, both at solid state and in aqueous suspensions 

(with 0.1 wt.% of xanthan gum),60,61 in order to obtain information on the chemical 

nature/geometrical aspects of the environment around Eu3+ sites. The EuSAP sample 

was used as reference. The excitation spectrum in suspension of NbEuSAP (Figure 

8A), recorded at the most intense emission line of Eu3+ at 615 nm, presented the 

narrow peaks due to the characteristic intra-4f 6 electronic transitions of Eu3+ (7F0-

5HJ,
5DJ,

5LJ) with a max at 395 nm ascribed to 7F0-
5L6.

48 The same transitions were 
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found for the Eu-NbSAP sample. The emission spectra of both luminescent clays 

was then collected under irradiation at 395 nm (max of Eu3+) and showed the typical 

emission peaks of the intra-4f 6 electronic levels of Eu3+ (5D0-
7FJ, J = 0-4) (Figure 

8B).48 Similar results were obtained at solid state. Additional photophysical 

information, both in suspension and at solid state, on the heterogeneity of Eu3+ sites,62 

geometrical/coordination aspects of Eu3+ centres (asymmetry/symmetry of the local 

environment),63-67 hydration state,63,64,67 quantum efficiencies63,68,69 and 

photostability of the samples were also thoroughly studied (in the same way as it was 

did for the luminescent clays in Chapter 5), and the final results are shown in Table 

S8 in Chapter 8. For both materials the local environments surrounding the 

luminescent centres were found to be highly asymmetric, with ca. three water 

molecules coordinated to Eu3+ for NbEuSAP and ca. four for Eu-NbSAP. 

 

Figure 8. A) Excitation spectrum of NbEuSAP, collected at 615 nm. B) Emission 

spectra of Eu-NbSAP (a) and NbEuSAP (b), under excitation at 395 (max Eu3+). The 

spectra were collected in aqueous suspension (with 0.1 wt.% of xanthan gum).60,61 

 

6.3.2 Catalytic oxidative abatement tests 

The catalytic oxidative abatement tests of the blistering agent simulant CEES 

(98%) were performed on NbSAP, Eu-NbSAP and NbEuSAP clays, in 50 mL single 

neck reaction flasks. The experiments were carried out in aqueous medium at neutral 
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pH, at RT and atmospheric pressure. In detail, 33 L of CEES (14 mM) were mixed 

in 20 mL of phosphate buffer solution (PBS, 10 mM, pH = 7.0) and stirred until 

complete dissolution; 20 mg of solid clay catalyst follows by 143 L of 30 wt.% 

aqueous H2O2 (70 mM) were then added to the mixture and the dispersion was stirred 

continuously throughout the test. Samples of the reaction mixture were withdrawn at 

regular intervals (0, 30’, 1-2-3-4-5-6-7-24 h) and filtered to remove any suspended 

clay particles. An experiment without catalyst (blank) was performed as well, also 

to assess the stability of CEES in water. SAP-20 clay (see Chapter 3) was also tested 

with CEES to evaluate the catalytic behaviour in water of a pristine saponite. 

The gradual consumption of CEES by the active solid catalysts over time was 

followed by UV-Vis-NIR spectroscopy (Figure 9) in absorption mode, by 

monitoring the intensity of the characteristic maximum absorption of CEES in water 

at max = 200 nm (associated to the n →  * /  →  * electronic transitions of the C-

S bond), derived from spectroscopic analyses carried out on the CWA simulant alone 

prior the catalytic tests. For measurements, 75 L of each filtered sample was diluted 

to a total of 3040 L with 2965 L of PBS, in a 3.0 mL quartz cuvette. 

The UV-Vis-NIR spectra of NbEuSAP sample (used as example) collected at 

different contact times with CEES are reported in Figure 9A. The same behaviour 

was found for the reference NbSAP and the Eu-NbSAP. In Figure 9B, instead, are 

reported the CEES abatement kinetics profiles in water for NbSAP (a), Eu-NbSAP 

(b), NbEuSAP (c) and SAP-20 (d) samples and without catalyst (blank, e), obtained 

by extrapolating the CEES concentration remained in solution over time from the 

UV-Vis-NIR spectra in Figure 9A. 

The blank experiment, performed in absence of any catalyst (Figure 9B, e), 

showed a negligible CEES self-decomposition trend in aqueous medium (ca. 2 % 

after 24 h), probably promoted by a marginal oxidant activity of the H2O2. Using a 

Nb5+-free saponite sample as a catalyst (SAP-20; Figure 9B, d), a 26% of CEES 

abatement is observed in 24h, thus proving that the clay itself does possess limited 

sulphide degradation and physical adsorption capabilities in water and cannot 
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account for a complete removal of CWA simulant.30,31 as previously observed in 

organic phase (n-heptane). 

On the contrary, an astonishing degradation capability in water was observed over 

all the Nb5+-containing saponite clays (Figure 9B). As noted in previous studies,30,31 

the synergic effect between Nb5+ centres and acid sites affect the catalytic activity of 

Nb5+-containing saponites. The Nb5+ centres confer oxidizing properties, while the 

presence of protonic/H+ sites helps to increase the abatement activity via acid-

promoted degradation. Also, H+ sites can take part in the formation of niobium 

hydroperoxo species, in which the selective heterolytic O2 transfer from H2O2 to 

CEES takes place.70,71 NbSAP (a) and Eu-NbSAP (b) samples presented the best 

catalytic performances, with more than 85-90 % of CEES decomposed after 24 h, 

while the NbEuSAP (c) sample showed a slightly lower catalytic activity (70 %). 

The absence of significant niobium oligomeric sites, as seen in UV-Vis-NIR analyses 

(Figure 6A), allows to exclude any effect of these species on the final catalytic 

behaviour of the solids.72 Moreover, all the materials showed comparable acid sites 

concentrations, as noted from the FTIR study (Figure 7). Furthermore, for all 

samples the active Nb5+ sites are evenly dispersed in the tetrahedral in-framework 

positions (T-layers). Therefore, the divergence in CEES degradation activity 

observed in the abatement profiles of the three functionalized saponites (Figure 9B) 

should be mainly correlated to their different Nb5+ concentration. Indeed, NbSAP 

and Eu-NbSAP samples, which have similar Nb5+ content (Table 1) and surface 

acidity (Figure 7) showed almost the same catalytic oxidative abatement properties. 

The NbEuSAP sample showed a relative lower catalytic performance than NbSAP 

and Eu-NbSAP solids, which is mainly attributed to the lower concentration of Nb5+ 

species compared to those of previous samples (Table 1). Considering that this 

material can be synthesized in one single-step (Scheme 2), it is possible to conclude 

that, in any case, the NbEuSAP clay showed quite remarkable CEE abatement 

performance in water. 
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Besides, the addition of Eu3+, into the interlayer or in the structure of the clay, 

does not seem to influence the final catalytic activities of the prepared materials. 

 

Figure 9. A) UV-Vis-NIR spectra of the reaction mixture in the presence of 

NbEuSAP catalyst, from 0-24 h. B) Oxidative abatement of CEES in NbSAP (a, -♦-

), Eu-NbSAP (b, -■-), NbEuSAP (c, -●-), SAP-20 (d, -▲-) and without catalyst (e, -

X-). Reaction conditions: 14 mM CEES, 70 mM 30 % aq. H2O2, PBS solution at 

neutral pH, 20 mg of catalyst and 25 °C. 

In order to monitor the CEES decomposition process over time and to determine 

the structure of the produced chemical species, liquid 1H-NMR experiments were 

performed on the reaction mixture at different contact times (up to 24 h), after their 

extraction in deuterated chloroform (CDCl3) (Figure 10). Because of the adopted 

extraction procedure, only a qualitative evaluation of the degradation products can 

be effectively obtained from the NMR analyses. The experiments were carried out 

as follows: 600 L of each filtered sample of the reaction mixture in PBS, withdrawn 

at regular intervals (0, 5-15’, 1-5-24 h), was extracted in 600 L of CDCl3 and placed 

in 5 mm NMR tube. The evolution of the 1H signals of CEES, and related main by-

products was monitored in the chemical shift () range of 1.00-4.00 ppm.22,54 The 

NMR spectra over time of CEES without catalyst (blank) were also recorded. 

In Figure 10A are reported the NMR spectrum of CEES alone, while in Figure 

10B are reported the NMR spectra CEES (a) and of NbSAP (b), Eu-NbSAP (c) and 

NbEuSAP (d) catalysts after 5 h of contact time. 
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The NMR spectrum of CEES alone (Figure 10A) showed the four characteristic 

1H signals of the CWA simulant at chemical shift ( [ppm]) 1.30 (triplet/t, -CH3, 

area: 3.00), 2.58 (quartet/q, S-CH2 area: 1.90), 2.77 (t, CH2-S area: 1.67) and 3.75 (t, 

Cl-CH2 area: 1.80).22 Without any catalyst, the CEES in stable in water under the 

experimental conditions, showing no modification of the position, relative intensity 

and multiplicity of its resonances after 5 h, further confirming the UV-Vis-NIR data 

(vide supra, Figure 9B). 

With the addition of Nb5+,Eu3+-containing catalysts and after 5 h of reaction in 

aqueous phase (Figure 10B), both metal sites additionally led to the hydrolysis of the 

chlorine-containing moiety and to the formation of hydroxy-organosulfur by-

products.73,74 The NbSAP (b) solid showed an almost complete erosion of the signals 

of CEES, which are no longer visible in the spectrum (Figure 10B, b); this could be 

also partly due to the low amount of CEES remained in solution and after extraction 

in CDCl3. The Eu-NbSAP (c) and NbEuSAP (d) samples, instead, presented only 

two weak signals assigned to the CH2 groups around the central sulphur atom in the 

CEES structure. The -CH3 and OH-CH2 resonance peaks are not clearly visible and 

in their place two new set of 1H signals with distinct multiplicity are present, labelled 

with *. From the NMR spectra of CEES treated with NbSAP (b), Eu-NbSAP (c) and 

NbEuSAP (d) clays, it is possible to observe the formation of at least two main 

decomposition products, the (2-chloroethyl)ethyl sulfoxide (CEESO) and (2-

chloroethyl)ethyl sulfone (CEESO2) derivatives, in chlorinated or hydrolysed forms, 

as shown by the 1H structural assignment reported in Figure 10B.22  

The results obtained from the NMR study are consistent with the abatement 

kinetics trends reported in Figure 9B. Parallel assessments were made for additional 

contact times, up to 24 h. More information on the CEES decomposition mechanism 

are expected in future studies. 
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Figure 10. A) 1H-NMR spectrum in CDCl3 of CEES. B) 1H-NMR spectra in CDCl3 

of CEES alone (a), NbSAP (b), Eu-NbSAP (c) and NbEuSAP (d), after 5 h of 

reaction. The peaks of CEES, CEESO and CEESO2 are labelled in each spectrum 

based on their relative structure. 
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6.3.3 Optical detection tests: 

Finally, preliminary studies on the optical detection of CEES by the Eu3+-

containing clays (Eu-NbSAP and NbEuSAP samples) were evaluated by PL analyses 

in aqueous suspensions, under continuous stirring and excitation at 395 nm, by 

monitoring the evolution of the main emission band of Eu3+ at 615 nm over time,47 

from ca. 10 sec up to 3 h. The tests were carried out as follows: 20 mg of clay was 

dispersed in 3 mL of PBS solution, and the mixture was sonicated for 10 min. The 

dispersion was transferred in a 3.0 mL quartz cuvette, placed in the 

spectrofluorometer and stirred continuously throughout the test. The emission 

spectrum of each clay, under excitation at 395 nm (max Eu3+),47 was recorded before 

contact with the CWA simulant; after that, 100 L of CEES (286 mM) were added 

to the dispersion and emission spectra were collected over time at regular intervals 

(0, 2-4-6-8-10-15-20-25-30-60-90-120-150-180’). An experiment on EuSAP 

without CEES (blank) was performed to evaluate the general stability of the clay 

suspension throughout the experiment time. The EuSAP sample was also tested with 

CEES, in the same conditions described above, with the purpose to validate the 

optical detection method and optimizing the measurement parameters. 

In Figure 11A are reported the emission spectra of NbEuSAP sample (used as 

example) collected at different contact times with CEES. The same behaviour was 

found for Eu-NbSAP. In Figure 11B, instead, are reported the normalized intensity 

curves of the 615 nm band over time for Eu-NbSAP (a) and NbEuSAP (b). 

Before adding the CWA simulant (Figure 11A, black curve), the emission spectra 

of the Eu3+-saponites showed the characteristic intra-4f 6 electronic levels of Eu3+ 

(5D0-
7FJ, J = 0-4),48,63,64 as previously assigned in Figure 8B  for the NbEuSAP 

sample. After addition of 100 L of CEES, a marked reduction of the intensity of the 

615 nm band over time can be clearly observed. This signal is related to the 5D0-
7F2 

electronic transition of europium and it is highly sensitive to changes in local 

chemical environment around the luminescent sites, associated in this case to 

coordination of CEES molecules to Eu3+. This interaction lead to a drastic decrease 
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of the intensity of the band, which translate to the luminescence recognition for the 

sulphur-based blistering agent simulant by both bifunctional materials.44-47 Indeed, 

both solids were able to quickly detect the CEES, as shown by a ca. 20 % decrease 

of the normalized intensity of the 615 band after few seconds of contact time (Figure 

11B, red spectrum in Figure 11A) if compared to the initial intensity in the absence 

of the CWA simulant (Figure 11B, black spectrum in Figure 11A). Furthermore, in 

the following minutes the NbEuSAP sample was capable of detect the CEES more 

rapidly than Eu-NbSAP, as shown by an intensity reduction of 35 % for NbEuSAP 

versus a 23 % only for Eu-NbSAP after 2 min, until convergence of both curves at 

30 min. 

The behaviour observed should be related to a higher accessibility of the Eu3+ 

sites in the one-pot NbEuSAP material compared to the exchanged Eu-NbSAP 

material (Figure 12B and A, respectively): because of this, the CEES may 

coordinates to Eu3+ both on the lamellae surface and in the interlayer space, while in 

the Eu-NbSAP the simulant molecules needs to diffuse first in the interlamellar 

region and then interact with the Eu3+ ions located there. 

These preliminary results demonstrated good detection capabilities for both Eu-

NbSAP and Eu-NbSAP clays. In particular, the NbEuSAP, with the lowest Eu3+ 

concentration and the best overall luminescence performance, resulted to be the best 

sensor-like materials for the rapid detection of sulphur-based blistering CWAs. More 

information on the CEES interaction with Eu3+ and optimization of the luminescence 

recognition performances of these materials are expected in future studies. 
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Figure 11. A) Emission spectra of NbEuSAP, under excitation at 395 (max Eu3+), 

before (black curve) and after addition of CEES (red curve = 10 s, blue curve = 3 h). 

The spectra of samples were collected in aqueous suspensions, under continuous 

stirring. B) Normalized PL intensity of 615 nm band over time for Eu-NbSAP (a, -

●-) and NbEuSAP (b, -♦-).  

 

 

Figure 12. A schematic view of chemical interactions between CEES molecules and 

Eu3+ sites is reported in frame A and B. 
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6.4 Conclusions 

In this work, we successfully designed two novels bifunctional saponite samples 

containing both europium and niobium in the same material. The europium was 

introduced i) in the tetrahedral structural positions together with niobium by a one-

pot hydrothermal procedure (NbEuSAP) and ii) in the interlayer space of a NbSAP 

clay through intercalation of a europium precursor. All the functionalized materials 

were submitted to a complete physico chemical characterization, in order to assess 

their properties (i.e. coordination of niobium centres, local environment around the 

europium sites…). Particular attention was devoted to the optical detection and 

catalytic oxidative abatement studies performed against the blistering agent simulant 

CEES. The tests were carried out in aqueous medium maintained at neutral pH, at 

room temperature, atmospheric pressure and in the presence of aqueous hydrogen 

peroxide, as mild oxidizing agent. 

The CEES abatement performance was tested for the Nb5+-containing saponites 

in liquid-phase under batch conditions, followed by UV-Vis-NIR and 1H-NMR 

analyses. It was shown that framework Nb5+ centres and the surface acidity of clays 

are the key factors for the oxidative degradation of CEES by the Nb5+-loaded 

saponites. The Eu-NbSAP sample, for example, was able to decompose more than 

80% of CEES in 6 h. The presence of Eu3+ in exchange positions did not significantly 

inhibit the catalytic performance, whereas sample with in-framework Eu3+ species 

(NbEuSAP) decomposed ca. 70% of CEES after 24 h. This difference is probably 

due to the lower content of Nb5+ species in the sample. In aqueous phase, both metal 

sites additionally led to the hydrolysis of the chlorine-containing moiety, with the 

formation of hydroxy-organosulfur by-products, as observed from NMR 

experiments. 

The Eu3+-containing saponite clays were able to rapidly and effectively detect the 

presence of CEES in aqueous medium even after few seconds of contact time, as 

suggested by the decrease of the intensity of the emission band of Eu3+ at 615 nm, 
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which is greatly sensitive to the coordination to CEES. The Eu3+ sites in the 

NbEuSAP material resulted more accessible to CEES molecules, thus leading to a 

more efficient detection of the CWA simulant compared to Eu-NbSAP . 

The materials were thus identified as reliable catalysts for the chlorine-free 

oxidative abatement of organosulphur blistering chemical warfare agents with 

hydrogen peroxide under mild conditions. Both bifunctional solids proved to be 

potential candidate as sensor-like systems for sulphur-based chemical warfare 

agents. Further studies, aiming to optimize the catalytic and luminescence 

performances of these metal-functionalized clay systems, will be performed in the 

future. 
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7 

Conclusions 

 

The main object of this Ph.D. thesis was the development of novel nanostructured 

multifunctional layered materials obtained by the combination of different 

lanthanides ions and transition metal centres with synthetic saponites clays. These 

innovative metal-containing 2D materials were designed to be applied in different 

scientific and technological fields, from environmental to biomedical, light 

harvesting systems and heterogeneous catalysis. All the materials designed in this 

work were prepared by applying or modifying existing hydrothermal procedures or 

through establishment of brand-new synthetic protocols. The synthetic saponite clays 

are incredible versatile materials, and through the chemical functionalization and 

modulation of their structure at three different domain levels (morphology and 

particle size, interlayer/interlamellar space and inorganic lattice) it was possible to 

easily obtain in this study several interesting novel advanced layered materials. The 

knowledge acquired in each chapter were applied to all the subjects explored in the 

thesis, from synthesis to physico-chemical analyses, thus connecting all the novel 

functionalized saponite clays produced. The materials were fully characterized 

through a multi-technique approach aiming to determine their physico-chemical 

properties in light of their potential applications. 

 

In the Chapter 1, a general overview was given on the characteristics and 

applications of clay materials, a class of hydrated aluminosilicates with 2D-nature 
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and interesting physico-chemical features (i.e. large availability and low costs, high 

structural and thermal stability...), clarifying the differences between natural and 

synthetic ones and showing the strengths of the latter, especially with reference to a 

specific kind of synthetic clays called saponites. The saponites are being part of the 

large family of 2:1 T-O-T (tetrahedral-octahedral-tetrahedral) trioctahedral-type 

layered smectites. The literature data demonstrate the growing interest in the 

synthetic saponites, due to their peculiar physico-chemical properties such as high 

surface area, surface acid properties and very high chemical versatility. Saponites 

present more controlled chemical composition and particles size, aggregation and 

textural features than natural counterpart minerals. Moreover, their properties can be 

easily and efficiently tune through modification of the lamellae structure and/or 

interlamellar region composition (i.e. by adding different metals), in order to 

introduce specific functionalities that could make these systems suitable for a wide 

range of applications, from biomedical to sensors and for the development of new 

nanomaterials. For these reasons, synthetic saponites proved to be excellent versatile 

materials and they have been the subject of several recent studies on clays. 

 

In the Chapter 3, two different synthetic saponite clays were employed for the 

extraction of lanthanides ions with different ionic radius (lanthanum, gadolinium and 

lutetium) from different aqueous solutions with varying complexity (pure water and 

simulated freshwater and seawater solutions). The sodium-exchanged saponite 

samples named Na-SAP-20 and Na-SAP-110, prepared by a classical hydrothermal 

approach using two different H2O/Si molar ratio (20 and 110), differs on the basis of 

their cation exchange capacity (87.9 ± 2.3 meq/100 g for Na-SAP-20 and 37.3 ± 1.8 

meq/100 g for Na-SAP-110), particles size (sub-micrometric for Na-SAP-20 and 

nanometric for Na-SAP-110) and textural properties. The uptake tests of lanthanides, 

performed in pure water and simulated freshwater and seawater solutions and at 

different concentrations of metal ions, demonstrated that clays have good sorption 

capacity with high lanthanides ions capture after few hours of contact. The metal 
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extraction performance of both clays was found to be comparable to several natural 

clays and significantly higher than traditional liquid-liquid methods used in the 

industry. 

The extraction process exploited by the two saponites is mainly correlated to their 

cation-exchange capacity. For this reason, the saponite with higher ion extraction 

capabilities (Na-SAP-20) was able to remove a larger amounts of lanthanide ions 

(45-55 mg/g versus 18-24 mg/g for Na-SAP-110). A promising performance was 

also obtained in the uptake of Gd3+ in simulated freshwater and seawater solutions. 

Additionally, both solid samples showed a marked selectivity for lanthanides ions 

with lower ionic radius, such as lutetium, both in pure water and simulated freshwater 

solutions. Preliminary study concerning the recovery of metal ions from the layered 

solid sorbents were also explored, testing the saponite samples (after uptake of 

gadolinium ions) in a saturated sodium chloride solution. The experiments showed 

promising results for both clays, especially for the Na-SAP-110 sample.  

In the light of these results and considering the simplicity and low costs associated 

to the preparation of these clays, synthetic saponites can be considered an attracting 

alternative to the solids reported in the literature for the removal of lanthanide ions 

from different aqueous solutions. 

 

In the Chapter 4, novel paramagnetic and diamagnetic synthetic saponite clays, 

bearing in the interlayer space positively charged gadolinium/yttrium complexes, 

based on TETA-monoamide, DOTA-monoamide and AAZTA-polyamine ligands, 

were prepared by classical hydrothermal procedure followed by cation-exchange 

process. The saponite clay (named Na-SAP) was obtained using a well-defined 

H2O/Si molar ratio (110), showing particle size of ca. 50 nm. The cation-exchange 

procedure or intercalation was optimized to ensure the confinement of a fixed 

amount of metal chelates (ca. 10-15 % of the cation-exchange capacity of the clay) 

in the interlayer space of the saponite. Structural and morphological analyses 



Chapter 7 

 
178 

indicated that the metal complexes are firmly confined in the interlayer space of the 

hybrid materials, named GdL0/SAP, GdL1/SAP, GdL2/SAP and YL0/SAP. 

A combined 1H-NMR relaxometric study in aqueous solution and mono- and 

bidimensional solid-state NMR experiments were performed on the intercalated 

materials, obtaining relevant information on the chemical nature and the accessibility 

of exchange sites to water molecules, on the mechanisms responsible of the magnetic 

interaction with water, on the role of the key molecular parameters responsible of the 

relaxivity enhancement data and on the molecular organization of the chelates in the 

saponite interlayer space. The materials intercalated with gadolinium chelates 

showed improved longitudinal relaxivity values at high magnetic field as compared 

to the free gadolinium complexes. This effect is due to the reduction of the local 

rotational mobility of the confined organometallic compounds, as suggested by both 

relaxometric and solid-state NMR experiments, the latter conducted on the 

diamagnetic YL0 and YL0/SAP samples. The relaxometric measurements also 

suggests that the diffusion process of the water molecules though the interlayer 

gallery limited the relaxivity enhancement, as indicated by the increase of relaxivity 

as a function of temperature. The combination of these effects indicates the 

occurrence of strong interactions between the cationic complexes/water molecules 

with  the lamellae structure. The chelates are in proximity (and in a parallel 

organization) to the tetrahedral layers of the saponite. 

 These features are promising for the design of novel intercalated layered 

materials for potential applications in diagnostic (MRI) and theranostics, as catch-

and-release systems for the purification of surface waters and for the study of the 

diffusion phenomena of liquids inside layered systems. 

 

In the Chapter 5, starting from the knowledges learned in Chapter 4 and to 

overcome the limitations of the previous intercalated clays (i.e. long preparation 

times and relatively high costs of the complexes), we explored the possibility to 

introduce the lanthanides, in form of simple ions, directly in the inorganic framework 
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of the saponite in one single-step of synthesis; besides, in this way the interlayer 

space remains open to further functionalization. More specifically, two different 

lanthanide ions (gadolinium and europium) were successfully inserted together in 

the tetrahedral in-framework positions of a synthetic saponite clay. The presence of 

both gadolinium and europium confer to the final material both paramagnetic and 

luminescent properties, which can be exploited synergistically for i) several 

applications in optoelectronic and diagnostic fields and ii) in order to have a more 

comprehensive view of the chemical environment surrounding the lanthanides itself. 

The preparation of the bifunctional sample, named GdEuSAP, was accomplished by 

an innovative one-pot hydrothermal synthetic approach, using a H2O/Si molar ratio 

of 20 and a 1:1 molar ratio between the two lanthanides. Solids with only gadolinium 

(GdSAP) or europium (EuSAP) were also prepared as references. A post-synthesis 

cation-exchange process was performed to ensure a homogeneity in the chemical 

composition of the interlayer space of the materials. 

Structural and morphological analyses indicate that the introduction of 

lanthanides in structural positions did not alter the layered features of the saponite. 

27Al solid state NMR experiments suggested that lanthanides tend to be preferentially 

incorporated in the tetrahedral units of the clay. The ions are thus more accessible to 

surrounding water molecules in the interlayer region. The materials showed lamellae 

lengths of a few tens of nanometres and particle hydrodynamic sizes of 40-60 nm, 

with overall cation exchange capacity of ca. 40 meq/100 g. 

The photophysical properties were deeply investigated both at solid state and in 

aqueous suspensions, extrapolating relevant data on the chemical nature and 

geometrical aspects of the surroundings of europium sites. The presence of both 

lanthanides in the same layers led to an energy transfer from gadolinium to europium, 

which increased the final luminescence properties of europium. The chemical 

environment around metal centres resulted to be highly asymmetric, with four 

coordinate water molecules in the inner sphere in agreement with the presence of 

europium in the tetrahedral position of the saponite framework. 
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The luminescence performance of the bifunctional GdEuSAP clay was further 

improved by intercalation of an “antenna” ligand (1,10-phenantroline), with different 

loadings, which can transfer energy to the nearby emitting states of europium 

through Förster resonance energy transfer. 

1H-NMR relaxometric studies were carried out in aqueous solution, obtaining 

more insights on the chemical nature and the accessibility of exchange sites and on 

the molecular dynamics of water inside the interlayer space of saponite. The data 

extrapolated from nuclear magnetic dispersion profiles indicated that the inner-

sphere waters molecules exchange quickly with the intra-interlayer water molecules, 

then diffuse through the lamellae channel and slowly exchange with the bulk water 

outside the lamellae. Therefore, the diffusion is the rate-limiting step of the overall 

relaxation effect, as also indicated by the increase of relaxivity as a function of 

temperature. The structure of materials proved to be robust even in in harsh 

conditions (i.e. in EDTA solution), as observed by relaxometric analyses. 

These features are quite promising for the development of a novel class of 

nanosized multifunctional lanthanide clays, which can be obtained in relatively short 

time and low cost. Potential applications as luminescent devices and sensors or in 

diagnostic can be expected in the future. 

 

In the final Chapter 6, starting from a previous work concerning the application 

of niobium-containing saponites for the decontamination of chemical warfare agents 

and with the knowledges gathered in the studies from the prior chapters, two novel 

bifunctional inorganic layered solids based on the combination of two different metal 

elements, europium and niobium (in form of ions), with synthetic saponite clays were 

successfully designed. The luminescent and catalytic properties exhibited by the 

final materials, conferred by the europium and niobium respectively, were exploited 

for the optical detection and oxidative abatement of a simulant of the blistering 

chemical warfare agent mustard gas, called 2-chloroethyl)ethyl sulphide (CEES). 

The tests were carried out in simple experimental conditions, particularly in aqueous 
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solution at neutral pH, at room temperature and atmospheric pressure and in the 

presence of a mild oxidant agent (aq. hydrogen peroxide) for the degradation 

reaction. 

The samples were prepared through two different synthetic routes: 1) ion-

exchange of a fraction of sodium ions in the interlayer space of a niobium-saponite, 

previously obtained by adopting a hydrothermal procedure optimized in literature in 

which the niobium is located in the clay structure, with europium ions (sample named 

Eu-NbSAP); 2) one-pot hydrothermal synthesis in which both europium and niobium 

were directly inserted in the tetrahedral in-framework positions of the saponite 

(sample named NbEuSAP). Sample with only niobium (NbSAP) and europium 

(EuSAP) elements, located in the inorganic framework, were also used as references. 

The chemical warfare agent abatement capability of the samples was thoroughly 

tested in liquid-phase under batch conditions, followed by UV-Vis-NIR and 1H-

NMR analyses. The combination of the niobium centres located in the framework 

and a marked surface acidity is essential to promote an efficient oxidative 

degradation of CEES. The materials were able to decompose from 70 to 90% of 

CEES after 24 h. The presence of europium in the structure did not inhibit the 

catalytic performance of the catalysts.  

In optical detection experiments, the functionalized materials were able to rapidly 

and effectively detect the presence of CEES in water after few seconds, as confirmed 

by the decrease of the intensity of the main emission band of the europium, sensible 

to the interaction with the simulant. 

The nanosized bifunctional materials were thus identified as promising solids for 

the catalytic oxidative abatement and optical recognition of organosulphur-based 

blistering chemical warfare agents. Particularly, the solid prepared through one-pot 

synthetic procedure (NbEuSAP) represents the best trade-off in terms of catalytic 

and detection properties. Further studies, aiming to optimize the performances of 

these metal-functionalized clay systems, will be carried out in the future. 
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8 

Experimental Techniques 

8.1 Analytical Methods 

o The elemental analyses were performed on an Ametek Spectro Genesis EOP 

Inductively Coupled Plasma Atomic Emission Spectrometer equipped with a 

cross-flow nebulizer (ICP-AES), with simultaneous spectrum capture in the 175-

770 nm wavelength range. Furthermore, the elemental analyses were also 

performed on a Thermo Fisher Scientific X5 Series Inductively Coupled Plasma 

Mass Spectrometer (ICP-MS; Waltham, MA, USA). Prior to the analysis, the 

solid samples were mineralized by treatment with a mixture of nitric acid (HNO3; 

5 mL) and hydrofluoric acid (HF; 5 mL) at 100 °C for 8 h, in order to opportunely 

dilute them in aqueous HNO3 solution (1 wt.%).   

o The chromatographic analyses, performed during the synthesis of GdL0-1-2  and 

YL0 chelates, were carried out with a Waters System based on a High-

Performance Liquid Chromatography-Mass Spectrometry equipped with an 

Electrospray Ion Source (HPLC-MS ESI+/-), a Waters 1525 Binary HPLC Pump, 

a Water 2489 UV-Vis Detector and a Water SQD 3100 Mass Detector. The mass 

spectra, obtained through the MS-ESI+/- technique, were recorded using the 

Waters SQD 3100 Mass Detector. 

o X-ray powder (XRPD) diffractograms were collected on unoriented ground 

powders with a ThermoARL X’TRA-048 Powder Diffractometer with a Cu-Kα1 

( = 1.54062 Å) monochromatic radiation. Diffractograms were recorded at 
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room temperature (RT) in the 2°-65° 2 range with a step size of 0.02° and a rate 

of 1.0°/min. The X-ray profiles at low angles (2-15° 2) were collected with 

narrower slits and rate of 0.25°/min. 

o Scanning electron microscope (SEM) images were collected on a Philips/FEI 

Quanta 200 Environmental SEM (ESEM) using a tungsten (W) filament as 

electron source (200 keV) and the back-scattering detector, operating at low 

vacuum. A conductive coating of gold (Au, sputtering thickness of 10 nm) by 

low‐pressure plasma was deposited on samples, previously placed on carbon 

grids, to avoid the presence of electronically charged insulating particles under 

the electron beam. 

o High-resolution transmission electron microscopy (HRTEM) micrographs were 

collected on a Zeiss libra200 FE3010 High Resolution Transmission Electron 

Microscope operating at 200 kV. Specimens were prepared by depositing the 

samples on carbon-coated grids. 

o The one-dimensional (1D) 1H and 13C Nuclear Magnetic Resonance (NMR) 

spectra of GdL0-1-2 complexes in solution were recorded at 27 °C with a Bruker 

Advance III Spectrometer equipped with a wide bore 11.7 Tesla magnet. The 

samples were dissolved in deuterated chloroform (CDCl3) or water (D2O) for 

analyses. The spectrometer is equipped with a 5 mm double resonance Z-

gradient broad band probe, with the inner coil optimized for observation of nuclei 

between 31P and 15N and for 19F (BBFO), and Bruker BVT-3000 unit for 

temperature control. A set of 1D and two-dimensional (2D) NMR experiments 

was acquired on YL0, dissolved in a solution of 1:1 molar ratio of H2O:D2O 

(130.85 mM), at 27 °C: 1D 1H and 13C, plus 2D 1H-1H Correlation Spectroscopy 

(COSY), 1H-1H  Total Correlation Spectroscopy (TOCSY) and 1H-13C 

Heteronuclear Single-Quantum Correlation Spectroscopy (HSQC) spectra for 

resonance assignment. The 2D COSY spectrum was collected using a standard 

phase-insensitive COSY sequence with gradient coherence selection, with 2048 

acquired data points in F2, 256 time increments in F1, 16 scans, a 2 s recycle 
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delay and a spectral window (both F2 and F1) of 10 ppm. The 2D TOCSY using 

the mlev sequence for mixing,3 with 2048 acquired data points in F2, 200 time 

increments in F1, 24 scans, a 2 s recycle delay and a spectral window 

(both F2 and F1) of 10 ppm. The 1H-13C HSQC spectrum was collected by 

standard gradient selected pulse sequence.4-6 The spectrum was acquired with 

2048 data points in F2 and 256 data points in F1, 64 scans, a 2 s recycle delay, 

an F2 (1H) spectral width of 10 ppm (carrier frequency at 4.7 ppm), and 

an F1 (13C) spectral width of 60 ppm (carrier frequency at 45 ppm). The catalytic 

experiments with NbSAP, Eu-NbSAP and NbEuSAP samples were carried out 

as follows: 600 L of each filtered sample of the reaction mixture in PBS, 

withdrawn at regular intervals (0, 5-15’, 1-5-24 h), was extracted in 600 L of 

deuterated chloroform (CDCl3) and placed in 5 mm NMR tube for analyses. The 

NMR spectra over time of CEES without catalyst (blank) were also recorded. All 

chemical shifts are reported using  [ppm] scale and are externally referenced to 

tetramethylsilane (TMS) at 0 ppm. 

o Solid-state NMR (ssNMR) spectra were acquired on a Bruker Avance III 500 

Spectrometer equipped with a wide bore 11.7 Tesla and a 4 mm triple resonance 

probe. Solid samples (YL0 and YL0/SAP) were packed on a zirconia rotor and 

spun at a Magic Angle Spinning (MAS) rate of 12 kHz, at RT. A set of 1D and 

2D NMR experiments was recorded, including: 1D MAS-NMR (1H, 29Si, 23Na 

and 27Al), 13C Cross Polarization (CP)-MAS-NMR, 2D 1H-1H Spin Diffusion, 

1H-29Si and 1H-27Al Ηeteronuclear Correlation (HETCOR) spectroscopy with 

Frequency Switched Lee Goldburg (FSLG) Ηeteronuclear decoupling. The 

magnitudes of radio frequency (RF) pulses were 100, 42, 36, and 31 kHz for 1H, 

29Si, 23Na and 27Al, respectively. The relaxation delay, d1, between 

accumulations was 2s for 1H, 29Si, 23Na and 27Al. 27Al 1D MAS spectra have 

been acquired on large sweep width with small pulse angle (/12) to ensure 

quantitative interpretation. The 1H-29Si CP was performed using a constant RF 

frequency applied to 29Si of 37 kHz and a pulse linearly ramped from 50% to 
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100% of a maximum RF frequency of 22 kHz on 1H. The 1H-27Al cross 

polarization (CP) was performed using a constant RF frequency applied to 27Al 

of 3 kHz and a pulse linearly ramped from 50% to 100% of a maximum RF 

frequency of 31 kHz on 1H with a contact time of 500 μs. High power Two Pulse 

Phase Modulation (TPPM)9 decoupling of 100 kHz was applied for heteronuclear 

decoupling. The spectrum 1H-27Al FSLG HETCOR spectra were acquired with 

an acquisition time of 10 ms in F2 and 2 ms in F1, 64 scans and 2 s recycle delay. 

The spectrum 1H-29Si FSLG HETCOR spectra were acquired with an acquisition 

time of 10 ms in F2 and 2.4 ms in F1, 128 scans and 2 s recycle delay. 1D 27Al 

High-Power Decoupling (HPDEC)/MAS ssNMR  spectra were collected on Na-

SAP and Na-GdSAP samples (operational frequency of 130.33 MHz for Al, 

MAS rate of 5 kHz and d1 of 1 s). All chemical shifts are reported using  [ppm] 

scale and are externally referenced to TMS at 0 ppm. 

o The cationic exchange capacity (CEC) was determined by ultraviolet-visible-

near infrared (UV-Vis-NIR) method, as reported in the literature.1 In details, 

0.300 g of Na-SAP were exchanged with 10 mL of a 0.02 M solution of 

[Co(NH3)6]
3+ at RT for 60 h. After separation by centrifugation (5000 rpm for 5 

min, two times), the solution was analysed by UV-Vis-NIR spectroscopy. UV-

Vis-NIR spectra were recorded at RT in the range 300-600 nm with a resolution 

of 1 nm, using a double-beam Perkin Elmer Lambda 900 Spectrophotometer. 

The absorbance of the band at 475 nm (1A1g → 1T1g),
2 relative to a d-d spin-

allowed Laporte-forbidden transition of Co3+, was evaluated in order to quantify 

the amount of Co3+ ions remained in solution. 

o UV-Vis-NIR spectra were analysed by UV-Vis-NIR spectroscopy. Phen-SAP 

and Phen-GdEuSAP samples were dispersed in ultrapure (5 mg/mL) with 0.1 

wt.% of xanthan gum, at pH of 5.5. The spectra were recorded at RT in the range 

200-400 nm with a resolution of 1 nm. NbSAP, Eu-NbSAP and NbEuSAP 

samples were dispersed in barium sulphate (BaSO4) at 20 wt.%. The spectra were 

recorded in air at RT in the range 200-500 nm with a resolution of 1 nm. For 

https://www.researchgate.net/figure/High-power-decoupling-with-magic-angle-spinning-HPDec-MAS-nuclear-magnetic-resonance_fig2_11434960
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catalytic oxidative abatement tests with NbSAP, Eu-NbSAP and NbEuSAP 

samples, the spectra of liquid samples were recorded at RT in the range 200-500 

nm with a resolution of 1 nm. All the spectra were recorded using a double-beam 

Perkin Elmer Lambda 900 Spectrophotometer. 

o Infrared (FTIR) spectra of Na-SAP sample were collected on a Bruker Equinox 

55 Spectrometer in the range 4000-400 cm-1 with a resolution of 4 cm-1. Self-

supporting pellets were placed into an IR cell with potassium bromide (KBr) 

windows permanently connected to vacuum line (residual pressure lower than 

10-4 mbar). Before measurements, the Na-SAP sample was outgassed at 350 °C 

with a heating ramp of 10 °C/min for 3 h, using a special oil-free apparatus and 

grease-free vacuum line in order to remove adsorbed water from the surface, 

while the intercalated samples were outgassed at 100 °C with a heating ramp of 

10 °C/min for 1 h. FTIR spectra of NbSAP, Eu-NbSAP and NbEuSAP samples 

were collected on a Thermo Electron Corporation FT Nicolet 5700 Spectrometer 

in the range 4000-400 cm-1 with a resolution of 4 cm-1. Self-supporting pellets 

were placed into an IR cell with KBr windows permanently connected to vacuum 

line (residual pressure lower than 10-4 mbar), by which all treatments and 

ammonia (NH3(g)) adsorption-desorption experiments have been carried out in 

situ. Before gas adsorption tests, the samples were outgassed at 300 °C with a 

heating ramp of 10 °C/min for 3 h, using a special oil-free apparatus and grease-

free vacuum line in order to remove adsorbed water from the surface. All samples 

were cooled down to RT prior to the collection of spectra upon NH3 adsorption. 

The spectra of the various samples were normalized taking as a reference the 

intensity of the overtones and combination modes of the saponite framework 

(bands in the 2200-1600 cm-1 range). In this way, differences in the intensity of 

the bands across different samples related to intrinsic oscillators of the materials 

(i.e. hydroxyl groups, -OH) can be associated to actual differences in the amount 

of such species in the samples. Because of the normalization, the absorbance 

values are reported as arbitrary unit [a.u.]. 
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o Nitrogen (N2) physisorption measurements were carried out at liquid nitrogen 

temperature in the relative pressure from 1x10-6 to 1 P/P0 by using a 

Quantachrome Autosorb 1MP/TCD instrument. Prior to the analysis, the samples 

were outgassed with the following procedure: 60 °C for 2h, 100 °C for 2 h, 150 

°C for 2 h, 200 °C for 2 h and finally at 250 °C for 4 h (the residual pressure 

lower was than 10-6 Torr). Specific surface areas were determined using the BET 

(Brunauer-Emmett-Teller) equation, in the relative pressure range from 0.01 to 

0.1 P/P0. Pore-size distributions were obtained by applying Non-Localized 

Density Functional Theory (NLDFT) method (N2 silica kernel based on a 

cylindrical pore model applied to the desorption branch). 

o Thermogravimetric analyses (TGA) were carried out with a Setaram SETSYS 

Evolution Thermobalance. The data were collected in the range 50-1100 °C with 

scan rate of 10 °C/min under oxygen (O2) flow (100 mL/min). 

o Dynamic light scattering (DLS) experiments were carried out at 25 °C by using 

a Malvern Zetasizer NanoZS operating in a particle size range from 0.6 nm to 6 

mm and equipped with a He-Ne laser with  = 633 nm. The samples were 

dispersed in ultrapure water (5 mg in 3 mL) in the presence of xanthan gum (0.1 

wt.%) to improve particle dispersion. Before measurements, the suspensions 

were sonicated for 10 min. The particles dispersed in water tend to form large 

aggregates. In the solution stabilized with xanthan gum this effect is strongly 

limited and no precipitation is observed after hours. The pH of suspensions was 

7.0. 

o The water proton longitudinal relaxation rates (T1) were measured by using an 

HTS-110 3T Metrology Cryogen-free Superconducting Magnet combined with 

a Stelar Spinmaster Spectrometer (Mede, Italy), operating in the overall range of 

proton Larmor frequencies of 20-120 MHz (0.47-3.00 T). The measurements 

were performed using the standard inversion recovery sequence (20 experiments, 

2 scans) with a typical 90° pulse width of 3.5 μs and the reproducibility of the 

data was within ± 0.5%. The temperature was controlled with a Stelar VTC-91 
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heater airflow equipped with a copper-constantan thermocouple (uncertainty of 

± 0.1 °C). The 1/T1 
1H Nuclear Magnetic Relaxation Dispersion (NMRD) 

profiles were measured on a Fast-Field Cycling (FFC) Stelar SmarTracer 

Relaxometer over a continuum of magnetic field strengths from 0.00024 to 0.25 

T (corresponding to 0.01-10 MHz proton Larmor Frequencies). The relaxometer 

operates under computer control with an absolute uncertainty in 1/T1 of ± 1%. 

Additional data points in the range 20-120 MHz were obtained on the HTS-110 

3T Metrology Magnet coupled with Stelar Spinmaster Spectrometer. GdL0-1-2 

chelates (1 mg) were dissolved in 1 mL of ultrapure water, while GdL0-1-2/SAP 

(10 mg) were dispersed in 1.5 mL of ultrapure water in the presence of xanthan 

gum (0.1 wt.%) to improve particle dispersion. Before measurements, the 

intercalated suspensions were sonicated for 10 min. The pH of 

solutions/suspensions was 7.0. The concentration of Gd3+ for each complex was 

estimated by 1H-NMR (500 MHz) measurements using Evans’s method.7 Na-

GdEuSAP, Na-GdSAP and Phen-GdEuSAP_2x solids (10 mg) were dispersed 

in 1.5 mL of ultrapure water in the presence of xanthan gum (0.1 wt.%) to 

improve particle dispersion. Before measurements, the suspensions were 

sonicated for 30 min. The pH of suspensions was 7.0.  

o Photoexcitation and photoluminescence (PL) emission spectra were recorded on 

a Horiba Jobin-Yvon Model IBH FL-322 Fluorolog 3 Spectrometer equipped 

with a 450 W xenon arc lamp, double grating excitation and emission 

monochromators (2.1 nm·mm-1 dispersion; 1200 grooves per mm), and a 

Hamamatsu Model R928 photomultiplier tube. For Na-EuSAP and Na-

GdEuSAP samples, excitation spectra were monitored at 615 nm, while emission 

spectra were recorded under irradiation at 272 and 395 nm. For Phen-SAP 

samples, excitation spectra were monitored at 415 nm, while emission spectra 

were recorded under irradiation at 275. For Phen-GdEuSAP samples, excitation 

spectra were monitored at 615 nm, while emission spectra were recorded under 

irradiation at 275 and 395 nm. For Eu-NbSAP and NbEuSAP samples, excitation 
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spectra were monitored at 615 nm, while emission spectra were recorded under 

irradiation at 395 nm. In general, all samples analysed were characterized both 

at solid state and in aqueous suspension (5 mg/mL, in the presence of 0.1 wt.% 

of xanthan gum). Time-resolved measurements were performed by using the 

time-correlated single-photon counting (TCSPC) option. A 370 nm spectraLED 

laser was used to excite Na-EuSAP, Na-GdEuSAP, Eu-NbSAP and NbEuSAP 

samples. A 295 nm nanoLED laser was used to excite Phen-SAP and Phen-

GdEuSAP samples. Signals were collected using an IBH DataStation Hub 

photon counting module. Data analysis was performed using the commercially 

available DAS6 software (HORIBA Jobin Yvon IBH). 

 

8.2 Tables 

Table S1. Best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (37 °C) for GdL1, GdL2, GdL1/SAP and GdL2/SAP samples. (Adapted 

from: "S. Marchesi et al., Dalton Trans., 2018, 47, 7896") 

 GdL1 GdL2 GdL1/SAP GdL2/SAP 

20r1 [mM-1s-1] 4.3 8.5 12.4 43.1 

Δ2 [1019 s-2] 3.70±0.22 2.82±0.77 1.82±0.11 1.36±0.07 

τV [ps] 12.3±0.2 23.8±4.1 27.2±4.0 11.7±0.7 

τRL [ns] / / 0.28±0.04 0.60±0.03 

τRG 74±2 ps 92±3 ps 1 μs[a] 1 μs[a] 

τM [μs] 0.7 0.07 1.08±0.10 0.30±0.06 

S2 / / 0.26±0.07 0.24±0.02 

rGd-H [Å][a] 3.0 3.0 3.0 3.0 

q [a] 1 2 1 2 

a [Å][a] 4.0 4.0 4.0 4.0 

D310 [10-5 cm2 s-1][a] 3.1 3.1 3.1 3.1 

[a] Fixed during the best fit procedure 
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Table S2. Best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (25 °C) for GdTETA,8 GdL0 and GdL0/SAP samples. 

 GdTETA8 GdL0 GdL0/SAP 

20r1 [mM-1s-1] 2.22 3.05 9.68 

Δ2 [1019 s-2] 7.20[a] 7.20[a] 3.50±0.04 

τV [ps] 19.0[a] 19.0[a] 31.0±0.03 

a [Å][a] 4.0 4.0 4.0 

D298 [10-5 cm2 s-1][a] 2.24 2.24 2.24 

qSS / 0.52±0.03 1.06±0.02 

rGd-H
SS [Å][a] / 3.34 3.30 

R
SS [ps] / 76±12 375±11 

[a] Fixed during the best fit procedure. 

 

Table S3. Summary table of the photophysical parameters of Na-GdEuSAP and 

Na-EuSAP, as solid state (SS) and in aqueous suspensions (H2O). exc = 272 and 

395 nm for Na-GdEuSAP sample 

 Na-EuSAP Na-GdEuSAP 

Asymmetry Factor (R) 
SS: 3.10 

H
2
O: 2.76 

SS: 4.29 (272), 3.10 (395) 

H
2
O: 2.74 (272), 11.02 (395) 

 
SS

 [ms] 0.04 0.05 

 
H2O

 [ms] 0.19 0.18 

 
D2O

 [ms] 0.60 0.60 


0
 [ms] 5.84 4.19 

q
Eu

 4.02 4.37 

 
Eu

Eu
 [%] 3.25 4.29 
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Table S4. Best-fit parameters obtained from the analysis of 1/T1 
1H-NMRD 

profiles (37 °C) for Na-GdSAP and Na-GdEuSAP samples. 

 Na-GdEuSAP Na-GdSAP 

20r1 [mM-1s-1] 13.00 13.31 

Δ2 [1019 s-2] 5.12±0.07 3.87±0.04 

τV [ps] 22.82±0.20 30.48±0.35 

τR [s][a] 0.08 0.08 

τSAP [μs] 43.89±0.52 47.41±0.45 

τM [μs] 0.48±0.01 0.56±0.02 

r [Å][a] 3.1 3.1 

q[b] 4 4 

c 34.81±0.23 36.00±0.29 

[a] Fixed during the best fit procedure. 

[b] Data from PL Analyses (Table S3). 

 

Table S5. Radiative lifetime () of Phen-SAP (D) and Phen-GdEuSAP (DA) 

samples at solid state (SS) and in aqueous suspensions (H2O), under excitation 

at 295 nm, and efficiency (EEnT), constant rate (kEnT) and overall quantum yield 

( Phen
Eu) parameters of the FRET mechanism. a Eu

Eu Na-GdEuSAP (in water), 

used in Eq. (6) = 4.29% (Table S3) 

SS 1x 2x 3x 

 
D
 [ns] 3.82 4.28 4.81 

 
DA

 [ns] 3.41 3.37 4.36 

kEnT [s-1] 3.15E+07 6.31E+07 2.15E+07 

EEnT [%] 10.73 21.26 9.36 

 

H2O 1x 2x 3x 

 
D
 [ns] 4.49 4.41 4.89 

 
DA

 [ns] 3.82 3.82 4.69 

kEnT [s-1] 3.91E+07 6.83E+07 8.72E+05 
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EEnT [%] 14.92 24.71 4.09 

 Phen
Eu [%][a] 0.64 1.06 0.18 

 

Table S6. Summary table of the other photophysical parameters of Phen-

GdEuSAP samples. exc = 275 and 395 nm for Phen-GdEuSAP samples. 

 1x 2x 3x 

Asymmetry 

Factor (R) 

[at solid state (SS)] 

5.19 (275) 

6.15 (395) 

6.96 (275) 

5.05 (395) 

4.70 (275) 

5.73 (395) 

 
SS

 [ms] 0.11 0.28 0.31 

 
H2O

 [ms] 0.18 0.26 0.33 

 
D2O

 [ms] 0.23 0.22 0.23 

q
Eu

 1.03 < 0 < 0 

 

Table S7. Photometric data, in accordance to CIE 1931 colour spaces, for Phen-

SAP (D) and Phen-GdEuSAP (DA) samples.  

 

 

Table S8. Summary table of the photophysical parameters of Eu-NbSAP and 

NbEuSAP, at solid state (SS) and in aqueous suspensions (H2O). 

 Eu-NbSAP NbEuSAP 

Asymmetry Factor (R) 
SS: 2.75 

H
2
O: 2.53 

SS: 4.88 

H
2
O: 4.60 

 
SS

 [ms] 0.12 0.09 

 
H2O

 [ms] 0.15 0.19 

SAMPLE exc [nm] x y R G B Hex Color Color Purity [%]

Phen-SAP_1x (D) 275 0,1642 0,0814 58 52 254 3A34FE 85,7%

Phen-SAP_2x (D) 275 0,1688 0,1040 53 81 255 3551FF 80,7%

Phen-SAP_3x (D) 275 0,1712 0,1089 57 85 254 3955FE 80,0%

Na-GdEuSAP [A] 272 0,6566 0,3431 255 22 0 FF160 100,0%

Na-GdEuSAP [A] 392 0,6438 0,3559 255 50 0 FF320 100,0%

Phen-GdEuSAP_1x (DA) 275 0,1610 0,0454 74 0 255 4A0FF 93,3%

Phen-GdEuSAP_1x (DA) 392 0,6703 0,3295 255 0 0 FF00 100,0%

Phen-GdEuSAP_2x (DA) 275 0,2326 0,0842 167 0 254 A70FE 87,7%

Phen-GdEuSAP_2x (DA) 392 0,6591 0,3407 255 6 0 FF60 100,0%

Phen-GdEuSAP_3x (DA) 275 0,2049 0,0735 136 0 255 880FF 79,2%

Phen-GdEuSAP_3x (DA) 392 0,6597 0,3400 255 0 0 FF00 100,0%
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D2O

 [ms] 0.37 0.43 


0
 [ms] 4.60 3.33 

q
Eu

 4 (4.46) 3 (3.23) 

 
Eu

Eu
 [%] 3.26 5.71 
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“Somewhere, something incredible is waiting to be known." 

- Carl Sagan 

 

 

 

“Recognize that the very molecules that make up your body, the 

atoms that construct the molecules, are traceable to the crucibles 

that were once the centers of high mass stars that exploded their 

chemically rich guts into the galaxy, enriching pristine gas clouds 

with the chemistry of life. So that we are all connected to each other 

biologically, to the earth chemically and to the rest of the universe 

atomically. That’s kinda cool! That makes me smile and I actually 

feel quite large at the end of that. It’s not that we are better than the 

universe, we are part of the universe. We are in the universe and the 

universe is in us.” 

- Neil deGrasse Tyson 
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