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Abstract

In the present thesis, cellulose sponges prepared using 2,2,6,6-tetramethyl-1-piperidi-

nyloxy (TEMPO) oxidized and ultra-sonicated cellulose nano�bers (TOUS-CNFs)

as three-dimensional sca�olds, and branched polyethyleneimine (bPEI) as cross-

linking agent, underwent to a systematic Small Angle Neutron Scattering (SANS)

and Fourier-Transform Infrared Spectroscopy (FTIR) investigation, by varying the

amount of cross-linker, water content and temperature. The aim was to provide

an experimental evidence of nano-porosity in the TOUS-CNFs network of these

nanosponges (CNS) by investigating the water nano-con�nement geometries in the

adsorbent material. Moreover, we also veri�ed how the breaking/reformation of

speci�c intermolecular hydrogen bond interactions between water and the chemical

groups present in the architecture of the CNS can contribute to regulate the water

adsorption process observed at macroscopic level.

Concerning SANS measurements, the analysis of the experimental data, per-

formed in terms of a Correlation Length Model (CLM), allowed us to extract the

short-range correlation length ξ, interpreted as a very �rst indirect estimation of

the e�ective nano-dimension of the cavities produced by the cross-linking of the

reticulated cellulose nano�bers. From the model, a power-law (n) and Lorentzian

(m) exponents have been also obtained, respectively associated to the density of

TOUS-CNFs at high (larger than hundreds of Å) and low (∼ 10 - 100 Å) spatial

scale. These parameters turned out to be all sensitive to the structural variations

induced by the progressive uptake of water on the bPEI/TOUS-CNFs sponges with

di�erent ratios. Finally, the e�ect of the addition of citric acid in the CNS formu-

lation was investigated, con�rming its role in increasing cross-linking density and

sponge rigidity.

In addition, a preliminary investigation of the molecular connectivity and the

extent of hydrogen-bond patterns of water molecules con�ned in the bPEI/TOUS-
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Abstract

CNFs sponges was also performed by FTIR spectroscopy. The proposed spectro-

scopic method exploits the combined analysis of the vibrational spectra of polymers

hydrated with water and deuterated water, which allows us to separate and selec-

tively investigate the temperature-evolution of the HOH bending mode of engaged

water molecules. As main results, we �nd a strong experimental evidence of a

liquid-like behaviour of water molecules con�ned in the sponge nano-cavities and

we observe a characteristic destructuring e�ect on the hydrogen-bonds network of

con�ned water induced by thermal motion.

The obtained results appear crucial in order to rationalize the design of these

sponges and to track the changes in the ability of the �nal products as e�cient

nano-con�nement systems for water decontamination.
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Introduction

Water decontamination issues represent a real risk to human health as well as to

all other forms of life on the planet. Whether from the ocean, lake or river, water

has always been fundamental to the human beings and it is an essential require-

ment for its survival. The increase in the concentration of pollutants has reduced,

over time, the quality of water with a consequent impact on di�erent aspects such

as health and environment. Innovation in water puri�cation, in order to supply

clean water for drinking, food preparation, processing and sanitation, represents a

worldwide crucial concern caused by the increase in population, industrial activity

and widespread urbanization. In this context, di�erent physical-chemical methods

have been taken into account in order to reduce the amount of pollutants (dyes,

heavy metals, pharmaceutical agents, pesticides) from water and to prevent further

contamination. Catalytic processes [1], electrochemical reactions [2�5], membrane

processes [6, 7], and photodegradation [8] are some of the approaches which can be

used in order to monitor and reduce the amount of contaminants in water, even

though the performance of water-cleaner systems based on adsorption processes still

remains the most e�cient solution [7, 9�13]. Among the proposed solutions, acti-

vated carbon (AC) is one of the most used materials for water decontamination,

although it has high production and regeneration costs. However, the increase in

restrictions associated with the maximum limits of contaminant concentrations re-

quires, to date, the development of technologically advanced materials with high

absorption e�ciencies while remaining of low economic and environmental impact.

Based on these considerations, the use of cellulose as the main component represents

a good starting point for the design of the latest generation materials for water treat-

ment. In this context, it is clear that research aimed at engineering systems that are

increasingly e�cient in eliminating harmful agents from water represents, nowadays,

an emerging �eld of great interest both in terms of technology and application.
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Introduction

Recently, cellulose nano�bers with high absorption e�ciency in the removal of

organic and inorganic wastes are gaining a considerable interest by the international

scienti�c community [14�20]. Speci�cally, the oxidation of hydroxyl cellulose groups

represents an e�cient approach to the formation of nano-structured cellulose with

highly reactive functional groups including aldehyde groups and carboxylic acid

parts. In the latter case, the most commonly used approach is based on the NaClO

oxidation process mediated by the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)

radical; using NaBr as a co-catalyst.

However, the direct use of TEMPO-oxidized cellulose nano�bers (TOCNFs) is

limited by the fact that they are easily dispersible in water, which is why the

corresponding hydrogels and aerogels lack of su�cient mechanical stability when

immersed in aqueous solvents. To overcome this problem, substrates with amino

groups, including branched polyethyleneimine (bPEI), which acts as a cross-linking

agent for this type of system, are used. This procedure leads to the formation of

systems with a "sponge" structure having high mechanical stability, good a�nity

with aqueous solvents and high absorption e�ciency [21�23].

Branched polyethyleneimine/TEMPO-oxidized and ultra-sonicated cellulose nan-

o�bers (bPEI/TOUS-CNFs) systems are proved to exhibit a sponge-like porous

structure with a two-dimensional sheet morphology. Cellulose nanosponges (CNSs)

resulted to be valuable adsorbent solutions for water remediation from both organic

(including emerging contaminants) and inorganic (Cd2+, Zn2+, Pb2+, Cr2+, Cu2+)

pollutants, with an absorption e�ciency higher than 200 mg/g [21].

Moreover, the cross-linking of nano�bers allows to move from nano-sized par-

ticles to nano-structured, macro-dimensioned sorbent systems, preventing all the

eco-safety issues related to the use of nanotechnology for environmental remedia-

tion [22]. Micro-porosity of CNSs has been well documented by Scanning Electron

Microscopy (SEM), and has been associated to the freeze-drying process followed

for their preparation. On the contrary, nano-porosity has been only hypothesized,

according to the enhanced adsorption performances of the material, without furnish-

ing any experimental evidence. Thus, while the covalent cross-linking between the

carboxylic groups of CNFs and the primary amino units of bPEI, with consequent

formation of amide groups, has been disclosed by 13C CP-MAS solid-state Nuclear

Magnetic Resonance (NMR) spectroscopy and Fourier-Transform Infrared (FTIR)
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Introduction

investigation, it appears now of fundamental importance giving an experimental ev-

idence of the nano-porosity and clarifying its role in regulating the mechanism of

water adsorption observed at macroscopic scale.

On the basis of these considerations, the present thesis is aimed at the study

of nanocellulose-based systems with particular interest in understanding how the

presence of nano-con�nement geometries (i.e. nano-pores formed by cellulose �bers)

regulates the mechanism of water absorption observed at the macroscopic level and

at clarifying the link between the mechanisms of formation/breakage of hydrogen

bonds within the bPEI/TOUS-CNFs system and the absorption e�ciency. These

information could be used to de�ne a high-e�ciency synthesis protocol for the op-

timization of this system in the �eld of water decontamination.

Structural features related to the size and arrangement of nano- and micropores

within the bPEI/TOUS-CNFs polymeric network, which are directly responsible

for the e�ciency associated with the water absorption mechanism, were revealed

through Small Angle Neutron Scattering (SANS) measurements varying the hydra-

tion levels and bPEI content [24�27].

Furthermore, Fourier-Transform Infrared Spectroscopy (FTIR) in Attenuated

Total Re�ectance (ATR) geometry, allowed us to get insight the water molecules

con�nement mechanism inside the polymeric bubbles formed during the hydration

process. FTIR-ATR experimental data revealed a clear dependence of the hydrogen-

bonded network involving the OH groups of the polymers on the temperature and

on the molar ratio between the cross-linking agent (bPEI) and cellulose nano�bers.

In the �rst chapter of this thesis, the general issues related to the proposed

topic will be addressed, with particular attention to the role that water plays in

di�erent framework and how important it is in a global context. In addition, a brief

description of the state-of-the-art about technologies used to remove organic and

inorganic components potentially harmful to aqueous systems will be provided.

In the second chapter, the bPEI/TOUS-CNFs sponges will be presented in de-

tail with particular emphasis on the synthesis procedures and the chemical-physical

characteristics. The adsorption properties will also be outlined as a function of the

dimensions of nano-pores and the amount of crosslinker with the purpose of em-

phasizing the advantage that these types of systems provide in the �eld of waters

remediation.
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In the third chapter a description of the experimental techniques used will be pro-

vided, together with the instrumental speci�cations and parameters adopted during

the measurements.

The last two chapters of this thesis will be entirely devoted to the obtained

experimental results and their interpretation. Speci�cally, in chapter 4, the SANS

measurements will be discussed in detail revealing structural changes as the amount

of bPEI and water content increase. Formation of polymeric "bubbles" and the

onset of a macroscopic phase transition for high h values are some signi�cant results

obtained through this technique.

In the �fth chapter, the temperature-evolution of the vibrational spectra of

bPEI/TOUS-CNFs sponges hydrated, in a combined way, with water and deuterated

water will be discussed. In particular, the behaviour of the HOH bending mode of

water molecules engaged in the polymeric system will be analyzed, in order to probe

their molecular connectivity and dynamics. Interestingly, the spectroscopic data

give evidence of the presence in the nano-cavities of the sponges of water molecules

that appear in liquid state even below the temperature of 270 K where usually the

bulk water tends to crystallize.

Finally, the last part of this thesis is devoted to conclusions, with a summary of

the main results and recommendations for future work in this �eld of research.
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Chapter 1

Water decontamination solutions: an

overview

As is well known, although the planet is mostly made up of water, only the 2 %

of it can be used as an active source, being the remaining 98 % at high content of

saline of oceanic provenance [28]. Furthermore, of the 2 % mentioned above, only

the 0.036 % is available while the remaining 1.964 % is made up of water in the

form of ice capsand and not accessible groundwater from aquifers. Nowadays, one

of the main issue related to water quality concerns the contamination of sources

by pathogenic microorganisms and anthropogenic harmful agents of various origins.

The latter includes all types of chemicals, pesticides, dyes and heavy metals as well

as all domestic, agricultural and industrial waste materials (Fig. 1.1).

In addition, even in small concentrations, the presence of both synthetic and

natural pollutants can lead to devastating harmful e�ects when present in form of

mixtures. It is worth of note that also pathogenic micro-organisms [29] can lead to

pollution of natural water sources, which is why in recent years there has been a

growing interest towards the development of new technologies for water treatment.

Another problem is the presence of water polluted by radioactive sources. The

decontamination of radioactive water is also a real issue for human health and the

environment. In this regards, a research group recently engineered a new method

for the decontamination of radioactive waters using graphene-based materials [30].

In particular, graphene oxide in aqueous solvent leads the radionuclides (cause of

pollution) to aggregate forming "lumps".

7
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WATER
POLLUTION

DYES

PESTICIDES

FLUORIDE

METALS
PHARMA-
CEUTICALS

PHATOGENS

Figure 1.1: Overview of the main natural and anthropogenic pollution factors.

The high e�ciency of absorption is due to the large external surface of the

graphene "�akes", capable of absorbing high quantity of toxins and heavy elements.

The research in this �eld is focused, nowadays, in identifying the most advanta-

geous material capable to selectively absorb a speci�c type of pollutant dispersed

in solution. This involves not only a concrete challenge from a technological point

of view, but also economical to political issues. For this reason, the development

of e�cient systems capable of reducing the content of toxic agents through the

activation of "molecular absorption" processes is a fundamental aspect, especially

in those countries where the rapid industrial growth is not adequately supported

by an associated environmental adjustment program [31�33]. Over the years, sev-

eral approaches based on di�erent processes such as electrochemical precipitation,

membrane separation and photodegradation have been considered for the engineer-

ing of e�cient systems capable of selectively encapsulating external pollutants. At

present, activated carbon (AC) represents the most used for water decontamination,

although it has high production and regeneration costs. However, the increase in

restrictions associated with the maximum limits of contaminant concentrations re-

quires the development of technologically advanced materials with high absorption

8



Chapter 1. Water decontamination solutions: an overview

e�ciencies while remaining of low economic and environmental impact.

Any decontamination mechanism, de�ned as that process capable of eliminate,

partially or completely, both natural and synthetic pollutants, can be included in two

large macro-categories know as chemical-physical processes and biological processes.

1.1 The chemical-physical solution for water decon-

tamination

In the following, a series of chemical-physical mechanisms that allow, using di�erent

principles, to remove both organic and inorganic pollutants from water, are reported.

1.1.1 Chemical precipitation

Chemical precipitation is a simple and commonly accepted approach used for re-

moval of metal ions from aqueous solutions. It involves the progressive reduction of

the metal content until a concentration considered not dangerous is reached, through

the formation of insoluble solid precipitates (hydroxides, carbonates or sulphates).

Afterwards, the obtained precipitate is pulled out from the solution by �ltration or

centrifugation. This phenomenon is strictly dependent on the solubility constant of

metals involved, their concentration and pH. Another process of adsorption is rep-

resented by the co-precipitation, in which the metallic component is co-precipitated

through the use of secondary minerals. In fact, if added in solution, they are oxidized

by the water by participating in the precipitation of the metal contents. Chemical

precipitation has been widely used over the past years for water treatment (mainly

of industrial provenance) although it has di�erent side e�ects and high costs. More-

over, this mechanism is not "selective", and requires the use of corrosive chemicals

for its operation, which is why it is no longer used [34, 35].

1.1.2 Ion exchange

Ion exchange represents a versatile and reversible separation process with high e�-

ciency in the removal of unwanted impurities from wastewaters. It is based on the

transfer of ionic species from a liquid phase to another, which are forced to pass

9



Chapter 1. Water decontamination solutions: an overview

trough a solid resin. The latter can be both synthetic or natural with high tendency

to absorb metal elements on its surface (Fig. 1.2).

Figure 1.2: Representation of the ion exchange process for water puri�cation.

In particular, synthetic ion exchange resins are typically made up of organic

compounds polymerized in such a way to form a three-dimensional porous matrix,

with structure and dimensions determined by the polymerization conditions. The

most commonly used ion exchangers are resins containing groups of sulphonic acid

(-SO3H) or resins containing groups of carboxylic acid (-COOH), being both full of

"exchangeable" hydrogen ions. Although the use of polymer-based synthetic resins

is a cutting-edge method in the �eld of water remediation, this process shows sev-

eral practical limitations due to the pre-treatment that wastewater needs to avoid

contamination of the resin itself. In addition to this, the synthesis of ion-exchange

resins requires the intensive use of chemical reagents whose employment is causes

of 'secondary' pollution. To overcome this problem, natural zeolites are adopted

(Fig. 1.3) with high e�ciency in the removal of metallic cations. These systems are

extremely advantageous compared to the previous ones thanks to their high abun-

dance in nature and to the their relative low cost.

10



Chapter 1. Water decontamination solutions: an overview

Figure 1.3: Typical 3D and 2D structures of zeolites.

Zeolites are minerals belonging to the group of hydrated aluminium silicates,

having a three-dimensional network composed of SiO4 and AlO4 tetrahedra [36].

For their e�ciency in terms of cation exchangers they have been widely used for

decontamination of natural waters, as catalysts in oil re�ning processes and as acidic

correctives for the soil.

The presence of a total negative charge in the network of such systems (due to

the presence of Si+ and Al3+ ions) is balanced by the exchangeable cation (sodium,

potassium, etc.) or calcium). The presence of metal ions is con�ned within the

micro-porosity of the three-dimensional structure [37] (Fig. 1.4). Natural zeolites

have a higher thermal stability and a better mechanical resistance in acidic environ-

ments, compared to absorbent materials commercially available [38].

Figure 1.4: Representation of the synthesis of a metal-zeolite composite.

11



Chapter 1. Water decontamination solutions: an overview

1.1.3 Liquid-liquid extraction

The liquid-liquid extraction is a widely accepted method for the removal of polluting

metal ions, in which absorption takes place by putting in contact a aqueous medium

with an organic phase containing a chelator [37]. Speci�cally, the removal of pollu-

tants is carried out by placing the solution in contact with a solvent. The solute is

generally soluble and produces two liquid phases which, once separated, will form

the extract (phase containing pollutants) and the re�ned (water free of impurities),

respectively (Fig. 1.5).

F

S

E

R

Liquid - Liquid
Extraction

Figure 1.5: Schematic representation of the liquid-liquid extraction procedure. On
the left there is the contaminated phase (F) and the extraction solvent (S). On the
right (as outputs) we have the extract (E) and the re�ned (R), respectively.

A �rst drawback associated with the use of this technique concerns the organic

phases used. Typically, highly �ammable and volatile compounds (VOCs) are used

making this approach a signi�cant source of secondary pollution. Today, traditional

organic solvents have been replaced by "green" alternatives including ionic liquids

(ILs). ILs are systems generally made up of two components: an ion and a cation

dispersed in solution. Generally, the cation is chosen with a low degree of symmetry

so that it considerably reduces the energy of the associated crystalline lattice. Their

unique characteristics, such as their low volatility, non-�ammability and the ability

to dissolve both organic and inorganic compounds, are important advantages over

conventional synthetic organic solvents. Thanks to this range of properties, the

study of ionic liquids is assisting to a remarkable development as alternative to

traditional organic solvents in the separation of metals from water sources.
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Chapter 1. Water decontamination solutions: an overview

1.1.4 Electrodialysis

Electrodialysis is a process that allows the removal of ionic components by means of

semi-permeable ionic-selective membranes. It involves the application of a potential

di�erence between two electrodes, which produces a �ow of cations and anions to

the corresponding terminals (Fig. 1.6).

Figure 1.6: Schematic representation of the electrodialysis process used for water
decontamination.

Advantages of this technique include the almost total absence of potentially

dangerous waste products, the low voltage required for operation and the possibility

to operate at constant temperature and pressure. However, it does not appear to be

commercially competitive due to the high cost of the electrodes and the short time

of life of membranes [39].

1.1.5 Solid-phase extraction

Solid phase extraction (SPE) represents one of the most used and adopted technique

for the removal of solid analytes from water. It is used for extraction and puri�cation

of organic and inorganic pollutants in solution, with higher e�ciency and recovery

as compared to the liquid-liquid extraction previously discussed. This technique

exploits the a�nity di�erence between the analyte dissolved in liquid phase (pol-

lutant, metal ion, etc.) with a speci�c solid phase (adsorbent). In addition, high

13
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enrichment factors and elevated recoveries are feasible with SPE using short times.

In many cases the process leads to high quality treated e�uents and also o�ers �ex-

ibility in design and operation. The most common adsorbent used for metal and

organic trace removal are, currently, silica-based materials [37]. The use of silica

as a support material has valuable mechanical and "swelling" properties, as well as

an advantageous low cost. In addition, these materials can be functionalized with

organic groups resulting in the formation of silica gel. The latter exhibits better

absorption capacity than the polymer-based organic resins mentioned above. This

is typically due to the presence of organic functional groups in the matrix, which

increase the binding capacity.

Another largely used system in the �eld of water treatment is the activated

carbon (AC) [40]. The high porosity and the high surface area ensure an extremely

advantageous solution for the removal of pollutants, both organic and inorganic, in

wastewater. Fig. 1.7 shows a SEM image of the AC, which highlights the porous

structure of the material.

Figure 1.7: SEM image of activated carbon with a 1000x magni�cation factor.

Despite its many advantages, the high cost of activated carbon limits its di�usion

and large-scale application. In order to reduce production costs, alternative sources

of AC have been considered including waste materials. Currently, ACs are produced

starting from agricultural waste products, which can be obtained with low economic

impact [41]. Several studies [42, 43] have demonstrated how the absorption e�-

ciency of AC strictly depends on several factors including particle-size distribution,

exposure time and surface/volume ratio.
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Chapter 1. Water decontamination solutions: an overview

1.2 The bio-solution for water decontamination

1.2.1 Phytoremediation

Nature activates decontamination processes through plants to restore the ecological

balance and clean up the environment. Their main role is to promote the for-

mation of bacterial �ora which is the main responsible of the decontamination pro-

cesses. The phenomenon of absorption, accumulation and decontamination of metals

(and/or anthropogenic chemicals) by plants is called phytoremediation. Phytoreme-

diation is a class made up of a large variety of bio-mechanisms, including phytoex-

traction, phytostabilization, phytovolatilization and rezo�ltration, which operate

under di�erent conditions, although their use represents, at present, an alternative

solution in the �eld of decontamination of pollutants from water [44�48].

1.2.2 Bioremediation

Bioremediation is de�ned as the process of removing contaminants through the use

of microorganisms (MO). Their use for environmental purposes is possible thanks

to the advanced adaptability that these systems o�er in any type of environment.

As is well known, in fact, they can grow and develop to sub-zero or extreme temper-

atures, in the presence or absence of oxygen and under anaerobic conditions. Such

micro-organisms may be used to degrade external contaminants including organic

and inorganic compounds [49]. Although MO cannot completely eliminate metallic

traces in aqueous solvents, they can interact with them, in both natural and syn-

thetic environment, a�ecting their chemical properties. The mechanisms by which

MO remove metallic agents from water are:

� Complexation

� Intracellular storage

� Extra cellular accumulation/precipitation

Fig. 1.8 shows the most signi�cant interaction processes that take place in a

MOs/metallic element system.
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Chapter 1. Water decontamination solutions: an overview

Figure 1.8: Scheme of the principal interaction processes between microorganism
and metallic elements.

In most cases, biodepuration processes involve the occurrence of oxidation-reduction

reactions in which either an acceptor electron (typically oxygen) is added to the

metal stimulating oxidation, or a donor electron is acquired to reduce the oxidized

pollutant. In both cases, natural constituents, such as vitamins and minerals, are

included into the liquid environment, in order to promote and optimize the reac-

tion conditions. Recent studies have shown that easily removable metals through

biodepuration processes are Ag, Al, Au, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb,

Pt, Se, U, V and Zn [50].

The most used microbial system in the �eld of water decontamination is the

bacterium. Bacteria are the most versatile and pro�cient microorganism on earth.

They represent about the totality of the biomass on earth, and posses excellent

bio-absorption properties due to their small size and ability to grow in controlled

environments [49]. The absorption mechanism takes place through a two-step pro-

cess that involves a �rst interaction between the metal ion and the groups reagents

of the bacterium, followed by inorganic deposition of metal excess. This process is

called chelation (Fig. 1.9). Generally, the carboxylic groups of acids glutamines of

peptidoglycans (main substance of the cell walls of bacteria) are used as deposition

sites for metal ions.

A chelate is a molecular assembly in which organic molecules are entrapped by

a chelating agent. Generally, the formation of such structure is possible thanks to

the activation of coordination bonds.
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Metallic Ion Chelating Agent Metallic Chelate

Figure 1.9: Chelation process.

The 3D structure of the resulting compound is a very stable complex where a

central atom (i.e. metallic ion) is "grabbed" by a chelator, as it was caught between

the claws of a crab (hence the term chelation).

Chelates are found to be extremely important in oxygen transport and in many

biological catalysis processes as well as for entrapping metallic impurities from water

mediums.

However, another highly absorbent system is represented by algae, a fundamental

biological agent found in the seas and oceans. Recent studies [51�53] have shown

that such systems are capable of encapsulating metallic agents in solution without

producing, as secondary products, toxic substances. The basic principle of selective

absorption, which leads to the total or partial removal of metal traces in solution,

is similar to that adopted by bacteria. The cell walls of these systems consist of

metal-receptor sites including proteins, polysaccharides and cellulose. Brinza et.

al. [54] studied the absorption capacities of about 17 di�erent microalgae and 39

macroalgae; reporting how they can be categorised according to the metallic element

absorption characteristics.

1.3 Nanomaterials for water decontamination

In the �eld of water remediation, nanotechnology has played in recent years a founda-

mental role in the development of new "smart" materials with high absorption ef-

�ciency. If compared to most meso/macroscopic adsorbent materials, nanoparticles

(NPs) show a number of advantages mainly related to their size and high surface-to-

mass ratio. In addition, they exhibit remarkable structural and electronic properties

that make them the top in the �eld of applied physics [55].
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In the following sections, di�erent types of nanoscopic systems as adsorbents for wa-

ter decontamination will be brie�y described, including carbon nanotubes, nanocrys-

talline zeolites, dendrimers and cellulose-based nanomaterials.

1.3.1 Carbon nanotubes

Carbon nanotubes (CNTs) are hollow cylinders made up of carbon atoms with di-

ameter of the order of nanometres (Fig. 1.10). They are produced by using various

thermal processes that extract "sheets" of hexagonal shape and then "wound" to

form a cylinder.

Figure 1.10: Representation of a single-walled carbon nanotube (SWCNT).

Carbon nanotubes are 300 times mechanically more stable and 6 time lighter

than steel. They have a very large surface area that allows the system to be an

excellent thermal conductor as well as capable to sustain high voltages.

In water treatment, carbon nanotubes are used for adsorbing a wide range of

organic compounds dissolved in solution. This is mainly due to the high a�nity

that metallic elements show with respect CNTs, allowing the removal of contami-

nants from the water through the use of synthetic �lters consisting of nanotubes.

More speci�cally, they allows the passage of water molecules within the cylindrical

nano-cavities preventing the passage of chemical contaminants and microbials. This

process is favoured by the application of an external pressure on the system so as to

"force" the passage of water through the inner carbon-based cavities. As a result,

high selectivity can be achieved if compared to the current membrane technologies

[56]. Recent experimental results have shown that CNTs have the ability to absorb

speci�c chemicals including dioxin [57], �uorides [57], lead [58] and alcohols [56].

The adsorption of dioxin, a carcinogenic material obtained as a waste product from
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industrial processes, provides an excellent example of how CNTs can be used in

the �eld of water decontamination. Speci�cally, it has been demonstrated that the

absorption e�ciency of such systems is actually accounted by the number of layers

that made up the nanotube itself. According to this, we can distinguish between

single-layer carbon nanotubes (SWCNTs) and multi-layer carbon nanotubes (Fig.

1.11).

Figure 1.11: Single-walled carbon nanotube (SWCNTs, left); multi-walled carbon
nanotube (MWCNTs, right).

C. Park et. al. [58] demonstrated that the absorption capacity of carbon

nano�bers in removing metals from water is greater than that obtained through

the use of the AC. In addition, MWCNTs show high dichlorobenzene removal e�-

ciency over a wide pH range and work as molecular sponges against the CCl4. These

experimental results, �nally, show how CNTs can be used as high-e�ciency "green"

selective absorption materials for the removal of pollutants from water.

1.3.2 Nanocrystalline zeolites

Nanocrystalline zeolites (NZ) are materials characterized by tetrahedral arrange-

ments mostly made up of silicon, aluminium and oxygen atoms. The basic unit of

the zeolithic framework consists of Si4+ and Al3+ ions bonded to 4 atoms of oxy-

gen. Tetrahedra are bonded together through the sharing of an oxygen atom to

form polymeric chains. The formation of a three-dimensional structure is possible

because each tetrahedron are shared with other surrounding tetrahedra such that
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to form a fully-connected network. The three-dimensional structure of NZs pro-

vides the formation of channels and cavities, which allow the introduction of a given

amount of molecules inside depending on their size and charge. Over the last 10

years, the study of such systems has grown exponentially thanks to their peculiar

properties as molecular "sieves", high capacity for cation exchange and their high

a�nity against metal ions. Nowadays, zeolites with dimensions of 1 - 10 nm can be

produced with relatively simple processes.

The outer surface area and the small di�usion length make NZs a technologically

advanced product compared to traditional zeolites with a microscopic dimension. In

fact, as it is well reported in literature, NaY nanocrystalline zeolites are capable of

absorbing toluene (organic solvent) with an e�ciency exceeding by 10 % the value

obtained by commercial NaYs. Likewise, ZSM-5 zeolites with particle sizes of about

15 nm, absorb more than 50 % of toluene compared to microscopic ZSM-5 [31].

These materials can be chemically-functionalized in order to increase their adsorp-

tion performances which, together with their relative low cost and high abundance,

makes these systems an advantageous and alternative solution for water treatment.

1.3.3 Dendrimers and nanomembranes

Dendrimers are polymeric macromolecules with a hyper-branched structure extended

from a central nucleus to a terminal section that de�nes its dimensions (Fig. 1.12).

The structure of a dendrimer can be classi�ed into three topologically di�erent re-

gions. From the central part, called core, dendrons (monomeric units) branch out in

the three spatial orientations until they reach the so-called "periphery", consisting

of the end sections of dendrons themselves. The non-linear expansion of this sys-

tems is achieved by polymerization of a branched monomer, which is responsible of

irregularities and defects. As a result, dendrimers are particularly appealing both

in terms of basic research and for their applications in several �elds of applied nan-

otechnology. In particular, their applications range from medicine to drug delivery,

from sensor technology to decontamination of the water sources.

Similarly to linear polymers, they show a very large number of monomers linked

together to form spherical, conical or discoidal structures of 2 - 20 nm in size [59]. A

recent study has shown how poly-(starchamine) dendrimers exhibit high metal ion

removal capabilities from aqueous solutions especially towards copper(II) [60].
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Figure 1.12: Representation of two dendrimers: (a) Poly(Propylene Imine) (PPI)
and (b) Poly(AMido-AMine) (PAMAM) dendrimers with generation of shell depic-
tion, as example.

Speci�cally, the high concentration of nitrogen ligands makes these systems useful

as chelating agents against copper ions in solution. The removal is achieved by means

of a two-step process. First, uptake of dendrimers into the wastewater is carried out.

The latter, once bounded with the metal ions present in solution through chelation

reactions, is driven through an ultra�ltration membrane that prevents the passage

of the polymer/ion complex dendrimer - metal. Then, metal ions are detached from

the dendrimer, which can be further reused. In addition, dendrimers containing

bactericidal vectors can be also used for the removal of bacteria from water sources,

through the activation of reversible processes.

Nano-reactive materials have been used in recent years for the engineering of syn-

thetic membranes for water treatment. In particular, water-�ltration membranes are

gaining considerable interest for their versatility, cost and durability. The absorption

of these systems is extremely selective thanks to the possibility of varying the size

of the pores and the permeability. In contrast to sedimentation, �occulation and

activated carbon processes, which remove a limited portion of pollutants, nanomem-

branes (NMs) operate over a wider range of dangerous chemical classes, producing

pure water of the highest quality (Fig. 1.13).
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Nanomembrane

Metallic Ion

H2O

Pores

Figure 1.13: Nanomembrane operating as molecular "sieve" against metallic ions.
The red particle, due to its shape and chemical properties is prevented to pass
through the membrane nano-cavities. On the contrary, thanks to their dimensions,
water molecules are allowed to pass through. As a result, if placed in contaminated
wastewaters, NMs provide pure water for water treatment applications.

This structure has been demonstrated to be able to decompose pollutants such

as 4-nitrophenol and to extends linkages with metallic ions in aqueous solution [61].

In addition to this, polysulphonate membranes coated with silver particles show in-

teresting anti-bacterial properties and hence a remarkable solution in the removal of

viruses from aqueous solutions [62]. They also exhibit signi�cant resistance to the

organic contamination, typically caused by the presence of bacteria on the surface

of the membrane itself. This because Ag+ prevents the aggregation process, keeping

the material in working conditions with very long life times.

In conclusion, the role of nanotechnology in the development of water treat-

ment systems has grown signi�cantly, especially in recent years, due to techno-

logical and applicative interests. In this respect, therefore, the synthesization of

nano-structures, nanocomposites and nanomembranes for environmental applica-

tions (and, in particular, associated with the puri�cation of water sources) will

undergo to massive development associated with the ever-increasing collective need

for cleaning drinking water. The decontamination technologies described here pro-

vided a brief overview of the modern procedures currently used for this purpose,

which operate on the basis of di�erent chemical-physical processes.
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The major contribution to removal e�ciency has always to be attributed to the

size of the e�ective surface area of the active material used. For this reason, nano-

particles are the most e�ective system in this context, and are therefore preferred

over conventional alternatives. Future objectives in this �eld mainly concern the

development of systems that allow the complete removal of all types of large-scale

pollutants. Currently, researches are focused on the development of "enviromental

friendly" systems based on cellulose nano�bers, which have high removal e�ciencies

of organic compounds and metal ions due to their unique properties. In the next

chapter, the characteristics of these systems will be described in detail together with

their use in the �eld of water decontamination.
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BPEI/TEMPO-oxidized cellulose

nano�bers sponges

2.1 Cellulose

Cellulose (CS; chemical formula: (C6H10O5)n) is one of the most abundant natural

organic polymers on earth. It is a linear complex carbohydrate consisting of more

than 3000 units of D-glucose linked together by β-(1,4) glucosidic linkages (Fig. 2.1).

Figure 2.1: D-glucose unit (top) and cellulose linear chain (bottom).

The equatorial conformation of glucopyranose residues stabilizes the structure of

the polymer by minimizing its �exibility. CS can be found in nature in �ber-based

plants or inside the wood pulp [63], with a diameter ranging from from 2 to 20 nm
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and with a length that goes from 100 to 40.000 nm (Fig. 2.2) [64].

Figure 2.2: Schematic representation of the cellulose present in �brous form inside
wood pulp.

Cellulose is also produced, in a hydrated form, by several types of bacteria such

as the Acetobacter xylinum.

The molecular structure can be found under di�erent crystalline con�gurations

including con�guration I, which in turn is divided into Iα and Iβ, con�guration II

and III. These structures di�er from each other according to the number of residues

(de�ned as number of glucose units) and to the water content involved (moles of

water/moles of glucose).

When the hydroxyl groups of the �rst and last anomeric carbon (in the cyclic

form of a carbohydrate, the anomeric carbon is the carbon that was part of the

carbonyl group in the straight-chain structure; typically C1 and C4 of the D-glucose

unit, see Fig. 2.1) are located on opposite sides of the glucosidic ring, the formation

of an oxygen "bridge" between the two carbon atoms results in the typical linear

and stable structure of cellulose (Fig. 2.3(a)). Conversely, when the groups are

on the same side of the ring (α con�guration), the resulting polysaccharide will

assume a curved structure forming the so-called amylose starch (Fig. 2.3(b)). It is

noteworthy that even though they share the same empirical formula, and exactly

the same number of monomeric units, the signi�cant di�erences in shape and size

give them completely di�erent properties.
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Figure 2.3: (a) Structure of cellulose and (b) amylose starch.

The crystalline state of natural cellulose is formed when the intramolecular and

inter-�ber hydrogen bonds keep the polymeric network �at, allowing more hydropho-

bic polymeric planes to pile up with each other. Cellulose I contains two coexisting

phases called Iα (tricline form) and Iβ (monocline form) in a ratio that strongly

depends on the synthesis procedure. However, CS Iα and CS Iβ share the same

inter-�ber distance (1,043 nm) but di�er in the orientation of the crystalline planes

[65].

While in CS Iα adjacent planes are regularly arranged in the same direction with

respect to each other, in CS Iβ the planes, although always made up of D-glucose

units that are crystallographically identical, are staggered (Fig. 2.4) [66].

Studies of density functional theory have shown that the energies associated with

such con�gurations in CS Iβ are of ∼ 40 kJ/moles and 30 kJ/moles for intra- and

inter-layers bonds, respectively [67�71]. A remarkable di�erence between the two

crystallographic forms is related to the collective direction of the polymeric chains.

In fact, while in the form I they are disposed parallel to each other, in CS II the

latter are arranged with an anti-parallel pattern.
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Figure 2.4: Relationship between unitary cells and di�erence between inter-chain
conformations in tricline CS Iα and monocline CS Iβ.

The antiparallel layout is thermodynamically more favoured than the parallel

one. Finally, CS III, with a structure similar to CS II, shows the presence of needle-

shaped nanocrystals with uniform dimensions of about 90 nm in length and 10 nm

in width [72].

2.2 Water-cellulose interaction

According to recent experimental results [73], there are two distinct classes of water

molecules that can be related to cellulose: the �rst concerns "bounded" water while

the second refers to the water molecules contained within the cavities formed by the

interlacing of CS �bers. In the �rst case, water molecules are closely attached to

the cellulose surface and may di�use within it for temperatures above 220 K. Below

this temperature we assist to the formation of a glass. Water inside the polymeric

vessels, on the other hand, acquires mobility at ∼ 260 K.

In addition, the presence of water molecules seems to catalyze the CS crystals

formation. This occurrence can be explained taking into account the contribution

that water exerts in aligning the polymeric chains as a result of the activation of

additional hydrogen bonds.
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2.3 Nanocellulose

The technological and industrial development of cellulose nano�bers (CNFs) has

represented, especially in the last few years, a challenging task in the �eld of the

applied nanotechnologies. CNFs, together with crystalline nanocellulose (CNC),

bacterial nanocellulose (BNC) and nano�brillated cellulose (NFC), can be considered

as part of a large class of materials which use nano-structured cellulose as main

component.

CNFs are advanced materials composed of cellulose �bers of nanometre size with

a high length/width ratio. Speci�cally, they exhibit width ranging from 5 to 20

nm and lengths up to few microns. They also show thixotropic properties, i.e. the

ability to change their viscosity over time. In normal conditions, these systems show

a viscosity that signi�cantly di�ers from that observed under mechanical or thermal

stress. In addition, the CNFs exhibit remarkable thermomechanical properties in-

cluding high surface/volume ratio, high Young modulus and low thermal expansion

coe�cient [74�76]. The CNFs chemical-physical properties have been exploited over

the last few years for the development of electronic and optoelectronic materials

[77, 78], in the food science and in catalytic processes [79]. These nano�bers rep-

resent also an attractive solution for the development of energy-storage devices, in

the preparation of carbon-sensitive membranes, and contribute to the improvement

of the mechanical properties of building materials.

The CNFs are produced in many di�erent ways depending on the characteristics

and functions required.

Typically, cellulose nano�bers can be extracted from normal wood-based �bers

present in plants, through mechanical techniques that involve the application of ex-

tremely intense shear stresses. The mechanical action reduces the mesoscopic �bers

to increasingly smaller sizes, resulting in the formation of �bers of nanometric di-

mensions. Micro�uidizers, ultrasonic homogenizers and high pressure homogenizers

are commonly used for this purpose, although they require very high energy per

tonne. To overcome this problem, enzymatic/mechanical pre-treatments are em-

ployed, as well as the introduction of charged groups through carboxymethylation

or TEMPO-mediated oxidation. These pretreatments signi�cantly reduce the en-

ergy consumption needed for producing CNFs below 1 MWh/tonne. Oxidation of

the cellulose hydroxyl groups represents an e�cient approach for the formation of
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CNFs with highly reactive functional groups. Depending on the oxidising agent

used, it is possible to synthesize CNFs containing aldehyde groups (through the use

of NaClO4) [80] or carboxylic acid moieties. In the latter case, the most used ap-

proach is based on the oxidation of NaClO (used as an oxidizing agent) mediated

by the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) radical and using NaBr as a

co-catalyst [81, 82]. The so-obtained cellulose nano�bers (TEMPO-oxidixed cellu-

lose nano�bers, TOCNFs) exhibit a slightly smaller diameter if compared to those

produced by acid treatments (typically from 2 to 5 nm), although they exhibit a

signi�cantly longer extension. This process, if conducted under basic conditions (pH

10 - 11), selectively converts the hydroxyl group C6 into the corresponding carboxy-

late, facilitating the formation of nano�bers after sonication (TEMPO-oxidized and

ultra-sonicated cellulose nano�bers, TOUS-CNFs).

In the �eld of biotechnology CNFs can be considered an advanced material ca-

pable of fully replace the petrochemical-based solutions currently available. Use

of green systems not only reduces the environmental impact but o�ers many ad-

vantages including the increase of the biodegradability, low cost and advantageous

physical-mechanical-chemical properties. Although cellulose �bers can be extracted

from algae, tunicates and bacterial cellulose, the greatest resource remains the plant

cell. In this context it is clear how cellulose-based materials represent an emerging

�eld for the development of the latest generation of materials for water treatment.

As already mentioned, the direct use of TOCNFs is limited because they are eas-

ily dispersible in water. This is why the corresponding hydrogels and aerogels lack of

su�cient mechanical stability when immersed in aqueous solvents. Because of this,

the introduction of amino groups in the cellulose network is needed to increase both

the absorption capacity and the mechanical stability of the product itself. A con-

venient substrate with amino groups is represented by branched polyethyleneimine

(bPEI), which acts as a cross-linking agent.

Branched polyethyleneimine (bPEI) is a non-linear poly-amine not soluble in

water. It exhibits a high cation density, strong hydrophobicity and the presence of

primary, secondary and tertiary amino groups in the 25/50/25 ratio (Fig. 2.5).

Branched polyethyleneimine is a latest-generation material with a wide range of

applications such as water puri�cation or as carrier for non-viral chemicals.
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Figure 2.5: Chemical structure of branched polyethyleneimine.

The introduction of bPEI (H(NHCH2CH2)nNH2) into the cellulose polymer chain

leads to a stabilization of the system in terms of structural rigidity, also improving

the e�ciency of absorption due to the presence of amino groups. bPEI/TOUS-CNFs

systems are proved to exhibit a sponge-like porous structure with a two-dimensional

sheet morphology (CNS).

On the basis of these considerations, in this work, the mechanisms of water

con�nement in bPEI/TOUS-CNFs sponges as a function of the hydration level and

temperature was carried out.

2.4 BPEI/TOUS-CNFs sponges synthesis

Cotton linters cellulose was oxidized with TEMPO/NaClO/KBr as previously re-

ported [83, 84]. Brie�y, potassium bromide (1.54 g, 12.9 mmol) and 2,2,6,6-tetramethyl-

1-piperidinyloxy (TEMPO) (215 mg, 1.38 mmol) were dissolved in water (0.57 L).

After complete dissolution of TEMPO, cotton linters cellulose (10 g) was added to

the solution under mechanical stirring, then a sodium hypochlorite solution (10%

w/w, 44 mL, 74 mmol) was added dropwise in 1 h. The suspension was left react

for 18 h. The pH was maintained around 11 by addition of NaOH 4M. After 18 h,

the TEMPO oxidized cellulose was recovered by �ltration using a Büchner funnel

equipped with a sintered glass disc (nominal max. pore size: 16-40 mm) and further

washed on the �lter with HCl (aq, 1M) (3 x 250 mL) and deionized water (3 x 150

mL). After drying, a white solid (9.5 g, Y = 95%) was collected.
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The obtained white solid was vigorously dispersed in pure water (2.5-3.5% w/v)

and the pH of the mixture was then regulated to 11 by addition of NaOH. The

homogenous suspension was then sonicated at 0 °C for 30 min (Branson Soni�er 250

equipped with a 6.5 mm probe tip working at 20 kHz in continuous mode, with an

output power 50% the nominal value (200 W)) in order to achieve TEMPO oxidized

and ultra-sonicated cellulose nano�bers (TOUS-CNFs) gel-like dispersion.

We performed the preparation of CNS following the procedure already described

in literature [21, 23, 85] with a process sequence summarized in Fig. 2.6.

Figure 2.6: Cellulose nanosponge (CNS) preparation sequence: TOUS-CNFs are
dispersed in water at 2.5% w/v concentration and sonicated obtaining an homoge-
neous dispersion (A), then a bPEI solution is added to the TOUS-CNFs dispersion
(B). The mixture is placed in molds and frozen (C). Water is then removed by freeze-
drying (D), after that thermal treatment leads to the formation of amide bonds and
reticulation (E). The material is �nally washed in order to remove non-reticulated
components. The obtained cellulose nanosponge (CNS) (F) can be grinded in order
to obtain a homogeneous powder (G).

The TOUS-CNF gel-like dispersion was acidi�ed with HCl 2 M until pH about

3, the residue was recovered with a Büchner funnel and washed with abundant pure

water until the �ltrate reached pH 6/7. The obtained TOUS-CNFs were dispersed

again in pure water (3% w/v), where branched polyethyleneimine (bPEI, 25 kDa)

and, in one formulation, citric acid (CA) were added in the ratios according to Table

1. The mixture was sonicated again at 0 °C for 10 min. The obtained viscous gels

were transferred into a 24-well plate, frozen at -80 °C and freeze-dried for 48 h,
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a�ording the corresponding sponge which, in turn, were treated in oven (103 °C, 16

h). The resulting sponge-like materials were removed from the molds. Then, they

were washed with methanol in a Soxhlet apparatus for 24 h under re�ux. After that,

they were dried and stored in dry environment. The dry CNSs were �nally grinded

in a mortar achieving a homogeneous �ne powder (Fig. 2.6(G)).

In the following table the investigated samples are reported, together with the

bPEI and TOUS-CNFs weight fractions.

Sample bPEI (g) TOUS-CNFs (g) CA (g)

CNS (0.2:1) 0.2 1 -

CNS (0.5:1) 0.5 1 -

CNS (1:1) 1 1 -

CNS (2:1) 2 1 -

CNS (2:1)-CA 2 1 0.52

Table 1. List of CNS samples under investigation.
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3.1 Neutron scattering

3.1.1 Introduction

Neutrons (Ns) are sub-nuclear particles (mass = 1.675×10−27 Kg) made up of two

quark down and one quark up linked together by strong nuclear interactions. Being

electrically neutral, they are able to deeply penetrate into materials and couple

with atomic nuclei by means of an extremely strong short-range interaction (∼
10−15 m). As a consequence, neutrons can travel for long distances through most

materials without being scattered or absorbed. Neutrons have also a non-zero spin

momentum which allow the study of the magnetic structure and its �uctuation

down to microscopic levels by interactions with the unpaired electrons. It is worth

noting that neutrons are naturally unstable (mean-life time of about 893 s); they

spontaneously tend to decade in a proton, an electron and an anti-neutrino and that

is the reason why neutrons must be produced in nuclear reactors.

3.1.2 Fission sources

Neutron �ux can be provided by means of two di�erent processes: nuclear �ssion

and spallation. In nuclear �ssion, a heavy nucleus (generally 235U or 239Pu) splits

into two lighter ones releasing γ−rays, neutrons and other residuals. During the

process, a heavy nucleus absorbs a rambling neutron coming from a spontaneous

�ssion or by the environment, giving rise to a strongly unstable 236U atom. The
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latter can splits in a large variety of di�erent ways, such as:

n+235 U −→236 U −→134 Xe+100 Sr + 2n. (3.1)

The sur-plus of neutrons coming from this initial reaction is able to self-sustain an

avalanche process which yield, at least, to a continuous neutron �ux of about ∼
1015 s−1 cm−2. However, Ns produced from the reactor core are too fast (highly

energetic) to be used in scattering experiments, which means that they must be

moderated slowing down their velocity (and hence their energy). This purpose is

achieved by interposing moderators (Ms) between the reactor core and the sample.

Ms are generally materials with a neutron cross section capable to interact with fast

neutrons in such a way to reduce their energy without being absorbed. Accord-

ingly, it is possible to obtain an out-coming neutron speed spectrum which can be

approximated to a Maxwell-Boltzmann function like that displayed in Fig. 3.1.

φ
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a
.u
.

v/Km s−1

25 K

300 K

2000 K

Figure 3.1: Maxwellian �ux distribution for three temperatures of moderators.

Nowadays there are three kinds of moderators: light water (H2O), heavy water

(D2O) and graphite. The moderation process deals with elastic collisions between

fast neutrons coming from the reactor core and the slow nuclei of the moderator

medium.

Changes in velocity can be calculated by applying the principles of conservation

of momentum and kinetic energy. If Mi is the mass of the i-st moderator nucleus

and mi that of the i-st coming neutron, according to the principle of conservation
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of momentum we have:

miv = miv
′
+Miv

′′
, (3.2)

where v is the velocity of the incoming neutron, v
′
the velocity after the collision

and v
′′
the velocity acquired by the moderator nucleus. On the other side, from the

conservation of the kinetic energy we have:

1

2
miv

2 =
1

2
miv

′2
+

1

2
Miv

′′2
. (3.3)

After a simple mathematical arrangement, combining Eqn. 3.2 and Eqn. 3.3 we

obtain

v
′
/v =

mi −Mi

mi +Mi

. (3.4)

The ratio of v
′
/v is negative if mi <Mi, meaning that mi bounces backwards, while

both particles move forward when mi > Mi. The speed of the incident particle is

smallest after the encounter, in fact zero, when mi = Mi Hence, Eqn. 3.4 supports

the assertion that the energy exchange in collisions is greatest for particles of similar

mass, and explains why neutron moderators consist of light materials.

Figure 3.2: Trend of v
′
/v as a function of M/m.

In particular, D2O moderators at a temperature of 294 K allow the outcoming

of 25 meV neutrons corresponding to a wavelength of about 1.8 Å. It is worth

emphasizing how in some kind of experiment cold neutrons (high wavelengths) are

required (i.e. when using Small Angle Neutron Scattering technique). They can be

produced by means of a liquid hydrogen moderator at 20 K.
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3.1.3 Spallation sources

A high energetic ion beam (approx. 70 MeV), produced by a linear accelerator,

is pumped into an acceleration synchrotron ring in order to increase its energy.

Accordingly, ion beams of 600-800 MeV are produced. These energetic beams are

collimated into neutron-rich targets (138W or 238U) knocking out 10-30 neutrons per

collision. After that, the out-coming neutrons are moderated and �nally collimated

to the investigated systems. Neutrons produced by the spallation process are less

energetic respect to those obtained by �ssion.

3.2 Small Angle Neutron Scattering (SANS)

The Small Angle Neutron Scattering (SANS) technique is an extremely powerful

method to probe nano-structures (from 1 to 500 nm) by analysing the di�raction

pattern of the elastic signal at very low scattering angles. In principle, the larger

is the investigated sample the lower will be the momentum transfer Q compared

to the position of the �rst Bragg peak in the structure factor. In order to access

to the low Q range (0.005 up to 0.5 Å−1), cold moderators and low angles must

be achieved. Experiments which focus on Q < 1nm−1, such as those performed

by SANS technique, provide a very low-resolution structural view of molecules and

aggregates inside the sample, since the analysis of the resulting scattering pattern

provides information about size, shape and correlations within the sample. SANS

usually probes di�usion angles ranging between 0.2 and 20 degrees. It is worth

noting that SANS measurements allow us to obtain direct information about the

sample in the reciprocal space. For this reason, all data acquired must be processed

from the reciprocal space to the real one by means of a Fourier transformation

(FT). In the case of multi-phases materials (colloids, colloid suspensions, branched

polymers, etc), SANS measurements allow to get structural information about single

components because of the di�erent way of interaction with neutrons due to the

di�erent scattering length densities (SLDs).

More in detail, in a common SANS experiment, a collimated neutron beam

interacts with an ensemble of nuclei within the so-called scattering volume. All

scattering events satisfy both the energy and the moment conservation principles.

According to these let's consider a two-dimensional detector (or a set of detection
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elements) of dxdy size placed in a distance L and oriented at an angle of 2θ with

respect to the sample (see Fig. 3.3). This element records the �ow of scattered

radiation within a solid angle equal to:

Ω = dxdy/L2. (3.5)

Let us de�ne ki and kf the incident and scattered wavevectors, respectively. Since

SANS measurements exploit the coherent elastic signal coming from the sample:

|ki| = |kf |. (3.6)

It can be demonstrated by geometric considerations that the wavevector transfer Q,

de�ned as ki − kf , can be written as:

Q = |Q| = |ki − kf | =
4π

λ
sin(θ), (3.7)

Figure 3.3: Typical scattering geometry.

where λ is the incoming neutron wavelength. In ordered materials, where the atomic

positions are equally spaced and periodical, Eqn. 3.7 can be written as:

Q = |Q| = 4π/d, (3.8)

with d equal to distance between planes of the reticular lattice.
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According to this, the study of macromolecular systems, which are characterized

by larger size domains, requires access to low Q values - being Q and d inversely

proportional [86]. This is well evident by an inspection of Fig. 3.4, that reports

an example of behaviour of the small angle scattering intensity as a function of the

wavevector transfer Q.
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1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

L S

U S A N S

S A N S M A N S

r  ( n m )
1 0 0 0 1 0 0 1 0 1

I(Q
) (c

m-1 )

Q  ( A - 1 )

0 . 1

W A N S

Figure 3.4: Small angle scattering intensity as a function of the wavevector transfer
Q.

This example highlights the relationship between reciprocal space and real space

and how some regions, although not accessible through the SANS technique, can be

analyzed using di�erent strategies that exploit, in any case, similar principles such

as the Wide-Angle Neutron Scattering (WANS), Medium-Angle Neutron Scatter-

ing (MANS), Ultra Small-Angle Neutron Scattering (USANS) and Light Scattering

(LS).

In small angles approximation, the relation between momentum and scattering

angle can be written as:

Q =
4πsinθ

λ
≈ 4πθ

λ
, (3.9)

which means that low-Q values can be achieved both by reducing the scattering

angle θ or increasing the neutron wavelength λ.
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Let us consider a simple system composed of spherical particles spread within a

solvent. The intensity of the measured elastic signal, Iel(Q, λ), is related to the

microscopic di�erential cross-section (dσ/dΩ)el by:

Iel(Q, λ) = I0(λ)η(λ)T (λ)∆Ω

(
dσ

dΩ

)
el

⊗R(Q) +B(Q), (3.10)

where:

� I0(λ): incident �ux

� η(λ): detector e�ciency

� T (λ): transmission function of the sample

� ∆Ω: solid angle covered by the detector

�

(
dσ

dΩ

)
el

: microscopic di�erential cross-section

The term R(Q) takes into account the resolution function of the instrument while

B(Q) is a background term slowly variable. All the information about the structure

and correlations of the sample are contained in the microscopic di�erential cross-

section (dσ/dΩ)el or, equivalently, in the macroscopic di�erential cross-section:(
dΣ

dΩ

)
el

=
1

V

(
dσ

dΩ

)
el

,

where V is the volume of the sample.

The relation between the microscopic di�erential cross-section (dσ/dΩ)el and

the neutron scattering tendency of a given material, accounted by the scattering

length density ρ(R), can be obtained by considering what happens if a stream of

neutrons encounter an assembly of nuclei.

Brie�y, let us consider �rst a �ux of monochromatic neutrons like a complex

plane-wave ψi = ψ0e
ikir, of wavevector ki and energy E, interacting with a single

�xed atom.

Unlike the incident beam, which is collimated by the instrument, the number

of outgoing particles per unit area will fall with the distance r according to the
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inverse-square law. Hence, the scattered wave will take the general form:

ψf = ψ0f(λ, θ)
eikfr

r
= ψ0f(λ, θ)

eikr

r
. (3.11)

The replacing of eikfr/r with eikr/r is possible only if the origin is centred on the

atom, so that the wavevector kf is parallel to the displacement vector r.

Here, the function f(λ, θ) give us information about the chances that a particle

of a given wavelength is de�ected in a certain direction.

If we now consider a particular atom, labelled by the index j inside the sample, it

will make a small contribution to the scattered wave function, [δψf ]j, of the general

form in Eqn. 3.11:

[δψf ]j = ψ0 e
ıkiRjfj(λ, θ)

eıkf (r−Rj)

|r−Rj|
, (3.12)

where fj(λ, θ) de�nes the relevant interaction characteristics of the j -th atom located

at a position Rj relative to an arbitrarily de�ned origin somewhere in the sample,

kf is the wavevector of the outgoing particle and r is an arbitrary position.

Assuming that the only non-zero component of the incident neutron wavevector

is the z-one (ki ≡ (0, 0, k)), the scattering geometry can be arranged as in Fig. 3.5.

ki ≡ (0, 0, k)

Plane Wave

Rj

r

r−Rj

z

Figure 3.5: Contribution to the total scattered wave from atom j located at Rj.

The choice of displacing the position of the nucleus away from the origin allows

us to easily sum up each contributions coming out from all N atoms in the sample.

According to the superposition principle, the total scattered wave ψf can be written
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as a summation of Eqn. 3.12 over all nuclei positions:

ψf = ψ0

N∑
j=1

eıkiRjfj(λ, θ)
eıkf (r−Rj)

|r−Rj|
. (3.13)

Taking outside every contribution in which j is not involved, we obtain:

ψf = ψ0e
ıkfr

N∑
j=1

fj(λ, θ)
eı(ki−kf )Rj

|r−Rj|
= ψ0e

ıkfr
N∑
j=1

fj(λ, θ)
eıQRj

|r−Rj|
, (3.14)

where Q = ki − kf is the wavevector transfer of Eqn. 3.7.

In this derivation, we implicitly assumed that the scattered wavefuction does

not in�uence (or, at least, in a limited way) the incoming neutron wavefunction.

This condition is usually referred as Born or Kinematical approximation. Events

where particles are de�ected more than once have also been ignored, and this is true

only for very low interaction rates. Depending on the size of the sample, and the ge-

ometry of the experimental setup, corrections for multiple scattering may be needed.

The size of the sample illuminated by the incident beam is usually much smaller

than the distance at which scattering measurements are taken (see Fig. 3.6), so with

very good approximation we can write:

|r−Rj| = |r| = r. (3.15)

In this approximation, known as Fraunhofer approximation, r−Rj can be replaced

with r in Eqn. 3.14 and taken outside the summation, obtaining:

ψf = ψ0
eıkfr

r

N∑
j=1

fj(λ, θ)e
ıQRj . (3.16)

Now, the number of scattered neutrons can be calculated by taking the squared

modulus of Eqn. 3.16 in the form:

|ψf |2 =
|ψ0|2

r2

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

=
Ψ

r2

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

, (3.17)
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ki ≡ (0, 0, k)

Plane Wave

Rj
r

r-Rj

z

Detector

Figure 3.6: Sample-detector distance representation.

being |eıkfr|2 = 1, and Ψ = |ψ0|2 equal to the incident neutron �ux.

The number of neutrons Γ elastically scattered which strike a portion of the

detector surface dS per unit time (see Fig. 3.7) can be written as the product

between the number of the total outcoming neutrons (Eqn. 3.17) multiplied by the

section dS itself:

Γ = |ψf |2 × dS (3.18)

Γ = |ψf |2 dS =
ΨdS

r2

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

= ΨdΩ

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

, (3.19)
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Figure 3.7: Number of scattered neutrons on di�erent sections of the 2D detector.
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where dΩ = dS/r2 is the solid angle subtended by the detector at the sample.

Since the microscopic di�erential cross-section is de�ned as the number of scat-

tered neutrons per second into a solid angle dΩ divided by the incident �ux Ψ:(
dσ

dΩ

)
el

=
Γ/dΩ

Ψ
=

Γ

dΩ × Ψ
, (3.20)

by replacing Eqn. 3.19 into Eqn. 3.20 we have:

(
dσ

dΩ

)
el

=
ΨdΩ

ΨdΩ

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

=

∣∣∣∣∣
N∑
j=1

fj(λ, θ)e
ıQRj

∣∣∣∣∣
2

. (3.21)

Eqn. 3.21 relates the microscopic di�erential cross-section to the structure of a

material composed of N atoms of type fj(λ, θ), located at Rj with respect to an

arbitrary origin.

It is worth of note that the characteristics of fj(λ, θ) are di�erent for X-rays

and neutrons, and are also strongly dependent by the size and shape of the scat-

tering object. In the case of neutrons fj(λ, θ) tends to be invariant with respect to

wavelength and scattering angle:

fj(λ, θ) = −bj,

where the constant bj is called neutron scattering length (of the j -st atom) and the

minus sign is a matter of convention.

Typically, f(λ, θ) is quanti�ed in terms of a scattering length density (SLD)

function, ρ(R) (with SI units of m−2) of the appropriate scattering material; nuclear

or electron depending on the type of probe and interaction. It increases with the

macroscopic density up to high values for highly compacted materials and it's also

a function of the individual scattering lengths. As already mentioned, ρ(R) can be

considered in this case as a measure of the neutron scattering tendency of a material.

According to this, an in�nitesimally small volume dV , at a location R, will

contain a point source of isotropic scattering with:

f(λ, θ) = ρ(x, y, z)dV = ρ(R) d3R. (3.22)
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By replacing the summation over j with a three dimensional integral over the scat-

tering volume in Eqn. 3.21, we obtain:(
dσ

dΩ

)
el

=

∣∣∣∣∫∫∫
V

d3R ρ(R) eıQR

∣∣∣∣2 , (3.23)

with V equal to the volume where the scattering process occurs. Taking into account

the Fourier transform (FT) properties, Eqn. 3.23 tells us that the elastic component

of the microscopic di�erential cross-section is related to the structure of the material

through the Fourier Transform of the SLD function ρ(R).

If the system is assumed to be incompressible, the SANS microscopic di�erential

cross-section (dσ/dΩ)el can be modeled as:(
dσ

dΩ

)
el

= N V 2
p (%− %0)2 P (Q) ∗ S(Q), (3.24)

where N is the number of particles contained within the investigated sample, Vp the

volume of the particle/scattering object and %−%0, de�ned as "contrast", is related to
the di�erence in the scattering length density between solvent and solute. P (Q) and

S(Q) are the single particle form factor and structure factor, respectively. The form

factor takes into account the contribution of the coherent scattering signal due to the

shape of the particles/molecules. It comes from interferences produced by scattered

neutrons which are contained inside the same scattering object. The structure factor,

on the other side, takes into account the presence of spatial correlations induced by

interactions between di�erent components. For a monatomic samples it can be

written as:

S(Q) = 1 +
4πn

Q

∫ ∞
0

r[g(r)− 1] sin(Qr)dr, (3.25)

where g(r) is the pair-distribution function and n is the atomic number density. No

spatial correlation means that g(r) tends to 1 and hence S(Q)→ 1.

In Fig. 3.8, di�erent trends of P (Q) for some particular shapes are reported as

a function of the wavevector transfer.
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Figure 3.8: Form factor P(Q) as a function of the wavevector transfer Q for some
common shapes (sphere, cylinder, branched polymer, etc.).

It is worth of note that according to Eqn. 3.24, for a non-zero scattered beam

the term % − %0 must be 6= 0. This means that the detection of structures in the

investigated system can be possible only if the scattering length density of objects

is numerically di�erent from that of the surrounding medium.

Let us consider a scattering volume containing sphere of two di�erent SLDs (Fig.

3.9); speci�cally, %1 for green spheres and %2 for the red ones, dispersed in a liquid

medium having SLD equal to %0. Also assume that the green spheres have ρ1 < ρ0

and that the red spheres have ρ2 > ρ0. It is worth noting that the green and

red spheres are identical except for their scattering length densities (i.e., �color� as

appearing to neutrons).

The scattered intensity, being susceptible to the di�erence squared of the solute-

solvent SLDs, will not be able to distinguish between the two objects because both of

them are characterized by a positive contrast factor (%1−%0)2 > 0 and (%2−%0)2 > 0

and therefore appear the same.

In order to overcame this problem, a second sample is necessary whereby the

scattering length density of the solvent matches that of one of the two spheres for

example when %1 = %0 (or %2 = %0) (Fig. 3.10).
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%1 %2

%0

%1

Figure 3.9: Graphical representation of a system containing two di�erent types of
spheres with SLDs of %1 and %2, respectively, dispersed in a medium of SLD %0.

In this way it is possible to eliminate the scattered contribution of such com-

ponent making it "invisible" to the incoming neutron beam. As a result, single-

component information can be obtained even in complex systems characterized by

the presence of coexistent multi-phases.

%1 %2

%0

%0 = %1

%0 = %2

Figure 3.10: A schematic illustration of contrast matching in the case of %0=%1
and %0=%2.

This experimental procedure is known in literature as "matching" or "phase

contrast", particularly useful for studying biomolecules and carbon-based structures.
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3.2.1 Porod approximation

Debye (Debye 1949) and later Porod (Porod 1951) have shown that in a two phases

system the SANS pro�le can be characterized by a constant value, called Porod

invariant denoted by ∆, (Eqn. 3.26), which is independent by the scattering length

density distribution:

∆ =

∫ ∞
0

(
dΣ

dΩ

)
el

Q2dQ = 2π(ρ− ρ0)2OS, (3.26)

where (dΣ/dΩ)el, ρ − ρ0 and OS are the macroscopic di�erential cross-section, the

contrast term and the speci�c surface, respectively. For sharp surfaces between dif-

ferent scattering domains, the speci�c surface OS can be calculated by the following

relation:

Os = S/V = π
[I(Q)Q−4]Q−→∞

C
. (3.27)

The logarithm of the intensity as a function of the logarithm of Q gives, as a result,

a line of slope -4. If we represent I(Q)Q−4 as function of Q−4, the slope of the

curve gives a measurements of the incoherent background scattering. Furthermore,

the intersection with the y-axis allows us to obtain the value of the Porod invari-

ant. Determining the speci�c surface is of extreme importance when the size of the

scattering objects is equal or larger than the measuring limit, or in case of random

phase containing structures, where the phases grow randomly into each other, but

the surface between them is sharp. When this surface is di�use, the scattering length

density will change continuously across the surface, therefore the exponent of Q will

be lower than -4. If the surface is fractal-like, the exponent value will be larger than

-4.

3.2.2 Guinier approximation

In dilute systems, for values QR � 1 (with R equal to the particle radius), the

scattered intensity can be written as:

I(Q) = (%− %0)2V 2e−Q
2R2

g/3, (3.28)
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where Rg is the gyration radius and V the volume. In practice, the natural loga-

rithm of the measured intensity (ln(Q2)) is represented versus Q2. The slope of the

obtained pro�le yields to the exact value of the gyration radius. If the scattering

object has simple shapes, its radius can be easily calculated.

Shape Gyration Radius

Sphere (radius R) R2
g = 3/5R2

Ellipsoid (axis a, b and c) R2
g = a2 + b2 + c2/5

Cylinder (length L and radius r) R2
g = L2/12 + r2/2
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3.3 SANS di�ractometer "Yellow Submarine"

In this thesis, SANS measurements were performed at the "Yellow Submarine" (YS)

di�ractometer of the Budapest Neutron Reactor (BNC) in Hungary (Figs. 3.11 and

3.12).
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Curved Neutron Guides

Disc Type Velocity Selector 2nd Beam Shutter

Monitor Collimation System

Entrance/Exit Apertures Sample Holder

Thermostat

Yellow Submarin

2D Detector

Figure 3.11: Scheme of the SANS di�ractometer Yellow Submarine.

Figure 3.12: Yellow Submarine di�ractometer.

The YS operates at the VVR type 10 MW power research reactor at the Budapest

Neutron Centre. This produces neutrons with energies of about 1 - 2 MeV then

slowed down in a light water moderator. For the purpose of this work, further

slowing is needed, which is achieved in a cold source consisting of a helium cooled
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cell containing liquid hydrogen. After a series of collisions with hydrogen nuclei

having temperature of 20 K, neutrons are slowed down to wavelength between 3 -

25 Å. These neutrons are guided through a series of boron-based glass plates coated

with nickel-titanium layers whose re�ectivity can be tuned up to 0.8 � 0.9. They

allow neutrons to pass from the reactor source to the sample with minimum loss.

Another factor which contributes to the initial intensity and divergence of the

incoming neutron beam is the collimation. In the YS, collimation is achieved by

using tubes under vacuum that contain diaphragms made up of neutron absorbing

materials. Diaphragms de�ne the diameter and the divergence of the beam. Shorter

collimation length leads to higher neutron intensity and more divergent beam, while

large collimation distances will decrease the divergence, reducing the neutron inten-

sity. For an optimal intensity-resolution combination, usually the collimation length

is chosen to be similar to the sample-to-detector distance. On the YS, a 4.7 m col-

limation length is used. The beam diameter at the sample position can be chosen

between 2 mm and 16 mm. For monitoring the incoming neutron �ux variations

in time, a uranium �ssion chamber is used with 0.1 % e�ciency. For detecting the

thermal neutrons scattered from the sample nuclear reactions are involved. The

detector at the YS instrument uses the n(10B,α)7Li reaction. The α particles ionize

the gas and induce a current proportional to the number of incoming neutrons. The

position of the neutron is determined by specially designed components. The YS

detector is a 10BF3 gas detector. Its pixel size is 10 mm x 10 mm, and it has 64

x 64 pixels. It can be moved in a 6 m long vacuumed tube between 1.3 m (closest

position to the sample) and 5.4 m. Before the detector house, a Cd plate is placed,

with the purpose of absorbing the high intensity direct neutron beam transmitted

through the sample. The Cd plate is called �beam-stop�, and its size can be varied

according to the size of the beam de�ned by the collimator.

The instrument uses also a mechanical velocity selector which allows to set wave-

lengths from ∼ 4 Å to ∼ 12 Å with a wavelength spread, ∆λ/λ, of 0.20. The

mechanical velocity selector (designed and built at BNC) select a monochromatic

neutron beam from the cold neutron spectrum, by allowing neutrons of de�ned ve-

locity to pass through, while absorbing others. It consists of a turbine with several

disks whose windows form helical channels (Fig. 3.13).

Disks are coated with a strongly neutron-absorbing material, i.e. gadolinium-
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Multidisk Rotor

Magnetic
Cluth

Figure 3.13: Velocity selector.

oxide. The rotation speed is variable between 700 rpm and 7000 rpm. By changing

the rotation speed, the wavelength of neutrons can be varied from 3 Å to 25 Å.

The relation between the rotation speed and the wavelength can be determined by

measuring the time of �ight of the neutrons using the following equation:

λn =
htn
mndn

, (3.29)

where:

� λn selected wavelenght of the neutrons

� tn is the �ight time

� mn = 1,6749 × 10−27 Kg, mass of neutron

� h = 6,625 × 10−34 is the Planck constant

� dn selector-detector distance

The wavelength spread can be tuned between 10 and 30% FWHM, by varying the

rotor tilt angle (the angle between the beam and the selector axis).

YS allows the use of three di�erent kind of speci�cally designed sample holders:

a sample holder with a temperature regulator � from 15°C to 90°C - with 6 sample

positions, a room temperature sample holder with 9 sample positions and a vertical

sample changer, designed for samples to be measured under magnetic �eld. An

electromagnet of max 1.8 T magnetic �eld is available. Larger (max. 0.5m diameter)
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samples can be measured by removing the sample changer. Solid compact samples

are placed into the sample holder without any preparation. For powder and liquid

samples quartz cuvettes of various sizes (Fig. 3.14), or other holders made of low

neutron absorbing and scattering material are used.

Figure 3.14: Quartz cuvettes.

3.4 SANS experiment

In order to reduce the incoherent contribution to the measured total scattering cross

sections, the hydrogen-deuterium exchange for �OH and �NH groups was promoted

by washing cycles in D2O and subsequent lyophilisation. Generally, 1 g of CNS was

suspended in 5 mL of D2O and stirred for 1.5 h, then was frozen at -80 °C and

freeze-dried until complete sublimation of solvent. We repeated this procedure for

each sample 4 times. Hydrated samples were prepared by adding a suitable amount

of D2O to a weighed quantity the corresponding dry powder of CNS, in order to

achieve the desired hydration level h (h = weight of water/weight of sponge). For

each investigated sample, the highest water content was determined by the formation

of a suspension, indicating that a further water uptake was not possible, and water

went outside the pores of the material. In the case of CNS (0.2:1) sample, the

hydration levels were chosen between h = 0.8 and h = 5. Regarding CNS (0.5:1),

CNS (1:1), CNS (2:1) and CNS (2:1)-CA samples, higher values of hydration were

possible, ranging from h = 1.5 to h = 10.
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All spectra were recorded in the range of scattering wavevector modulus q from

0.006 to 0.4 Å−1 using a 64 x 64 cm2 (1 cm x 1 cm pixel size) BF3 gas-type detector;

the neutron beam was monochromatized by a mechanical velocity selector with a

wavelength spread ∆λ/λ ∼= 0.20 [87, 88]. In order to have access to the whole range

of q, we used three di�erent con�gurations. In particular, the high-q region was

obtained by setting the sample-detector (S-D) distance to 1 m and the incident

neutron wavelength to ∼ 4.4 Å. For the medium and low-q range the S-D distance

was changed to 5.125 m, and the incident neutron wavelengths were ∼ 4.4 Å and

∼ 10.23 Å, respectively. The CNS sponges were prepared into quartz cuvettes that

provided a 2 mm path length for the neutron beam, six samples per run. According

to the estimated scattering intensity of each sample, the data collection time was

chosen to collect an intensity integrated over the whole 2D detector of about 5 x

105 counts for the dry samples and about 2 x 106 counts for the hydrated ones,

aimed at achieving optimal statistical accuracy for each data set, experimentally

monitored. Measurement times varied from ∼ 50 min to ∼ 2 h. For a few samples,

by selecting three di�erent hydration levels for each CNS (low, medium, and high h

values), experiments were repeated with fresh samples and at di�erent times to test

reproducibility. The error bars of the data points for all SANS plots are within the

limits of the symbols. We azimuthally averaged the scattering intensities. Then, we

corrected them for the sample transmission, detector e�ciency and room background

using standard procedures.

The experimental data reduction was performed by using the BerSANS software

[89], which allowed us to take into account the incoherent scattering coming from

hydrogens, the cadmium spectra for the detector pixels calibration, and the contri-

bution of unwanted scattering and re�ections coming from the empty cuvette. SANS

data were transformed to absolute scale by comparing to a pre-calibrated light water

sample. After a proper reduction, we analyzed and �tted the treated spectra by the

SasView software (http://www.sasview.org/).
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3.5 Fourier-Transform Infrared (FTIR) spectroscopy

Infrared (IR) absorption spectroscopy is a widely used method to determine dynam-

ical, and indirectly also structural, features of molecules starting from their charac-

teristic absorption of infrared radiation. In particular, IR spectrum is a molecular

vibrational spectrum. When exposed to infrared radiation, molecules selectively

absorb radiation at a speci�c frequency which causes a change of dipole moment

of the molecules themselves. Consequently, the vibrational energy levels of sample

molecules transfer from ground state to excited state. The frequency of the absorp-

tion peaks is determined by the vibrational energy gap, their number by the number

of vibrational degrees of freedom of the molecule, their intensity by the change of

dipole moment and the possibility of the transition of energy levels. In the last

decades, several applications of IR spectroscopy have been realized thanks to the

development of Fourier-transform infrared (FTIR) spectrometers, that replaced dis-

persive IR spectrometers because of their important advantages such as the high

signal-to-noise ratio, the high accuracy in the determination of the wavenumber

(the error is within ± 0.01 cm−1 range), the short scan time required (∼ 1 s), the

extremely high resolution (up to 0.005 cm−1), the wide range that can be scanned

(approximately from 1000 cm−1 to 10 cm−1), the strong reduction of the interference

from stray light. Generally speaking, what is measured by a FTIR spectrometer is

the amount of radiation transmitted by the specimen after the absorption process.

This can be di�erent according to the nature of the functional groups present, which

is, in turn, related to the chemical composition of a given sample. In particular, a

FTIR spectrometer allows to get IR spectra starting from an interferogram. The

main component of a FTIR instrument is the Michelson interferometer (Fig. 3.15).

In a Michelson interferometer, light from the source strikes the beam splitter

(BS), which consists of a glass plate with a partially re�ective surface. The beam

splitter allows 50% of the radiation to be re�ected to the �xed mirror M1. The other

50% of the radiation is transmitted to the translatable mirror M2. After their re-

�ection, the two beams return back towards the BS and recombine forming a single

beam which travels towards the screen. At the screen, 50% of the intensity of each

re�ected beam is transmitted/re�ected towards the screen for observation.
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Figure 3.15: Michelson interferometer.

At the screen, the two beams overlap and constructive and destructive interfer-

ence occurs depending on the relative phase shift between the two plane waves. The

total phase shift between the two beams can be written as:

φ = φ∗ + 2k(L2 − L1) = φ∗ + 2πx, (3.30)

where the phase shift φ∗ is due to the propagation through the glass of the beam

splitter and the partial re�ection at the semi-transparent surface. k = 2π/λ is the

wavenumber, being λ the incident wavelength, and x = L2 − L1, being L1 and L2

the BS-M1 and BS-M2 distances, respectively. Constructive interference will occur

when φ = m2π , with m = 0, 1, 2,. . . . Now, since L2 changes continuously and

L1 is kept �xed, changes of constructive and destructive interference phenomena

are generated at the detector, depending on the relative position of the movable

mirror with respect to the �xed one. As a consequence, the intensity of the signal

increases and decreases giving rise to a cosine wave. The plot is de�ned as an

interferogram. When detecting the radiation of a broad band source rather than a

single-wavelength source, a peak at the zero-path-di�erence (ZPD) position is found

in the interferogram. At the other distance scanned, the signal decays quickly since

the mirror moves back and forward.

55



Chapter 3. Experimental

3.5.1 Theoretical background

In this section, a general description developed by Volino (1978) for the principle

of any spectroscopic experiment will be addressed. The aim of this mathematical

formulation is to �gure out the characteristic of the investigated material in terms

of a coupling between a probe and a reservoir.

A common �ow chart of a scattering experiment is displayed in Fig. 3.16.

Figure 3.16: Flow chart of a general spectroscopic experiment.

Let's de�ne the initial state of the probe P , characterized its Hamiltonian HP ,

with |m〉. The investigated system (hereafter designated as the 'reservoir' and de-

scribed by its appropriate Hamiltonian HR) R, at thermal equilibrium T, can be

found in any state |m′〉 with a probability given by the Boltzmann law:

Pm′ =
1

ZR
e(−βEm′ ), (3.31)

with ZR = Σm′e−βEm′ and β = 1/kBT , where kB is the Boltzmann constant.

Let us consider the total system S as the sum of P and R (probe + reservoir).

Then, the corresponding initial and �nal eigenfunctions will be |m〉|m′〉 and |n〉|n′〉
(with |n〉 and |n′〉 �nal states of the probe and reservoir, respectively). The transition
probability between these two states can be calculated with the Fermi Golden rule

as:

Wnn′mm′ =
2π

~
|〈n′|〈n|Hc|m〉|m′〉|2 δ(Em + Em′ − En − En′ ). (3.32)

Here, Wnn′mm′ describes the probability per unit time that the total system com-

posed of the probe and the reservoir changes from the initial state |m〉|m′〉 to the

�nal state |n〉|n′〉, and Hc represents the Hamiltonian of interaction between the
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probe and the resevoir. Eqn. 3.32 is true only in linear approximation, which means

that Hc << HR and Hc << HP and also over long times.

Then, the change of the state of the probe can be written as:

Wnm =
∑
m′n′

Wnn′mm′Pm′ =
1

ZR

∑
m′n′

Wnn′mm′e−βEm′ . (3.33)

The principle of any spectroscopic experiment is to measure a quantity which is

proportional toWnm as a function of either the �nal state |n〉 or the initial state |m〉
of P. In other words, we measure the response of the specimen to the perturbation

caused by the probe.

If we de�ne Hc as the mean value of the interaction Hamiltonian between the

initial and �nal state of P:

Hc = 〈n|Hc|m〉,

and considering ~ω = Em−En and ~ωn′m′ = En′ −Em′ , Eqn. 3.33 can be rewritten

as:

Wnm =
2π

~2
∑
n′m′

e−βEm′

ZR
|〈n′|Hc|m′〉|2δ(ωn′m′ − ω). (3.34)

Thus ~ω is de�ned as the energy gain of the probe, whilst ~ωn′m′ is the energy loss

for the reservoir. Furthermore, the presence of a δ-function in Eqn. 3.34 ensures a

non-vanishing transition probability when ~ω and ~ωn′m′ are equal.

It is possible to demonstrate how the transition probability Wnm can be calcu-

lated from Hc using the Heisenberg representation. Accordingly, we can write Hc(t)

as:

Hc(t) = e

−ıHRt

~


Hc e

 ıHRt

~


. (3.35)

The notation Hc(t) holds for the Heisenberg representation of operator Hc = Hc(0).

Let us de�ne now the autocorrelation function CHcHc
(t) as:

CHcHc
(t) = 〈H+

c (0)Hc(t)〉, (3.36)

which represents the quanto-mechanic expression for the self-correlation function of

Hc. The Fourier transform of Eqn. 3.36 gives us the spectral density CHcHc
(ω)
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which is related to the autocorrelation function CHcHc
(t) by:

CHcHc
(ω) =

1

2π

∫ +∞

−∞
CHcHc

(t)e−ıωtdt. (3.37)

This relation can be used, �nally, to calculate the transition probability Wnm as:

Wnm =
2π

~2
CHcHc

(ω). (3.38)

If we are interested in the "inverse" (m −→ n) transition probability we must change

ω in Eqn. 3.38 with −ω. The inverse probability is related to the direct transition

Wnm through the detailed balance condition:

Wmn = e−β~ωWnm. (3.39)

This last equation is know as Kubo-Ayant theorem. This theorem asserts that a

transition probability between two eigenstates is proportional to the population of

the initial level.

In summary, in a spectroscopic experiment we have to de�ne the system R, the

probe P and the interaction Hc between them. Then we have to compute its av-

erage value and its time correlation function in order to obtain the expression for

the transition probability Wnm. The last step is to obtain a relation between this

probability Wnm and an experimentally accessible quantity.

Classically, the electric and magnetic �elds are described in terms of the oscillat-

ing vectors E(r) and H(r), respectively. When an electromagnetic wave strikes an

ensable of particles, it interacts with the electric charges of the material. According

to this, it is possible to de�ne a polarizability tensor α(r) and a dipole moment

µ(r) per unit volume. If we assume to deal with a high-wavelength electromagnetic

radiation, the Hamiltonian of interaction Hc can be written as:

Hc = −
∫
V

dr [E(r)µ(r) + 1/2E(r)α(r)E(r) + superior order terms] . (3.40)

The �rst term of Eqn. 3.40 is related to the infrared and dielectric absorption. The

second term describes the Raman and Rayleigh scattering and, �nally, the other
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superior order terms account magnetic interactions and iper-polarizability phenom-

ena.

In the case of induced absorption/emission processes, the autocorrelation func-

tion of the mean value of Hc between the initial and �nale state of the probe can

be written as:

C±
HcHc

(t) =
2π~ω0

V
Nk0I〈

∑
ij

(εiµi(t))(εiµi(0))e±ık0[ri(t)−rj(0)]〉. (3.41)

In this case, we have assumed that the probe is made up of photons of momen-

tum k0 and polarization εi. Here, Nk0I is the number of photons and µi is the

dipole moment. Finally, the ± sign takes into account the emission and absorption

processes.

It is worth of note that in case of high wavelengths the term k0 can be neglected

(being equal to 2π/λ0) as well as its variation over time. As a result, the correlation

functions for both the absorption and emission will assume the same form:

CHcHc
(t) =

2π~ω0

V
Nk0I〈

∑
ij

(εiµi(t))(εiµi(0))〉. (3.42)

In linear approximation, from the Kubo-Ayant theorem we can state that

W abs > W emi.

So we conclude that the induced phenomenon is the absorption, and the correspond-

ing probability per unit of time is:

W t = W abs −W emi =
2π

~2
[
1− e−β~ω0

]
CHcHc

(ω0). (3.43)

We can now �gure out a new correlation function by relating W t to the absorbed

power Pa during the experiment. The latter, can be considered as a correlation

between �uctuations in the dipole moment components along the polarization di-

rection. Being proportional to the spectral density of the dipole �uctuations we

have:

Cµµ(t) =
1

N
〈
∑
ij

(εiµi(t))(εiµi(0))〉. (3.44)
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This relation can be further simpli�ed if we consider an isotropic medium. Accord-

ingly, mediating εi over all possible orientations we get:

Cµµ(t) =
1

N
〈
∑
ij

µi(0)µj(t)〉. (3.45)

It is worth to remark that the electric dipole moment of a given molecule depends

on how the electric charges are distributed around it. Such distribution changes if

the molecule makes vibrations. In this case we can write:

µ = µ0 +
∑
ν

µνqν , (3.46)

where µ0 is the permanent dipole moment and µν takes into account the dipole

moment variations due to vibrations of the molecule (derived dipole moment). This

last term can be written as:

µν =

(
∂µ

∂qν

)
qν=0

. (3.47)

Here, ν is the vibrational state and qν the corresponding normal coordinate.

According to this procedure, it is possible to split the correlation function in two

di�erent contributions:

C00(t) =
1

N
〈
∑
ij

µ0
i (0)µ0

j(t)〉. (3.48)

Cνν(t) =
1

N
〈
∑
i,j,ν,ν′

(
µν
i (0)µν′

j (t)
)(

qνi (0)qν
′

j (t)
)
〉. (3.49)

Eqn. 3.48 is the correlation function for the dielectric absorption; whereas Eqn. 3.49

describes the correlation function for the infrared absorption in a isotropic medium.

Typically, it is possible to simplify the correlation function for the IR absorption

considering the following assumptions:

� Molecules in the sample are identical

� Vibrations and rotations are decoupled

� Vibrations among di�erent and within the same molecule are decoupled
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From these considerations it follows that:

〈qνi (0)qν
′

j (t)〉 = 0, (3.50)

for i 6= j and ν 6= ν ′. Taking into account these assumptions we can rewrite Eqn.

3.49 as:

Cνν(t) =
1

N

∑
ν

〈(µν(0)µν(t))〉〈(qν(0)qν(t))〉. (3.51)

In the case of weakly damped vibrations:

〈qνi (0)qνj (t)〉 = (qν)2e(−ıΩνt)G(t). (3.52)

This relation states that each oscillation mode can be seen as a damped harmonic

oscillator with frequency Ων , where qν indicates the vibration amplitude and G(t) a

damping term slowly variable. If we consider now the rotational part:

〈µν(0)µν(t)〉 = (µν)2〈cosθν(t)〉 = (µν)2F1ν(t), (3.53)

with θν(t) the angle subtended by the same dipole moment at di�erent times and

F1ν(t)= 〈cosθν(t)〉 is the single molecule correlation function. By replacing all these

relations in Eqn. 3.51 we obtain:

Cνν(t) =
∑
ν

(µνqν)2e(−ıΩνt)Gν(t)F1ν(t). (3.54)

By applying the Fourier transform of Eqn. 3.54 we obtain:

Cνν(ω) =
∑
ν

(µνqν)2Gν(ω +Ων)⊗ F1ν(ω +Ων). (3.55)

The infrared absorption spectrum is therefore made up of a series of absorption

lines centred around the vibrational frequencies Ων . Each line can be considered as

a convolution of a rotational and vibrational contribution. Since Ων generally fall

within the infrared region of the electromagnetic spectrum, we usually refer to this

phenomenon as infrared absorption.

Generally, the separation of these two terms (rotations and vibrations) in the

absorption spectrum is a challenging task. However, it is well know that the vibra-
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tional contribution becomes predominant with respect to the rotational one as the

dimension of the molecule increases. A general approach to overcame this problem

consists in comparing the IR results with those obtained with other techniques, such

as the Raman spectroscopy.

3.5.2 Harmonic oscillator model

The simplest theoretical model which is used to describe the IR absorption process

consists of a bi-atomic molecule acting as a harmonic oscillator. For this system it

is possible to apply the Hooke law if we assume to neglect anarmonic e�ects. The

Schrödinger equation of an harmonic oscillator can be written as:

− ~2

2µ

d2Ψ

dx2
+

1

2
kx2Ψ = EΨ, (3.56)

where µ is the reduced mass and k is the bond strength. The resolution of Eqn.

3.56 provides the vibrational levels allowed for the molecule, having energy:

E =

(
ν +

1

2

)
~ω. (3.57)

Here, ν is the vibrational quantum number and ω is the vibrational frequency given

by:

ω =

√
k

µ
. (3.58)

From Eqn. 3.58 several consideration can be drawn: (i) the greater the binding

force, the greater will be the vibration frequency (ii) the heavier the molecule, the

lower the frequency of vibration.

An infrared radiation can induce a vibrational transition only if it causes a vari-

ation in the molecular dipole moment. However, not all the vibrations are followed

by a change in the dipole moment. To these kind of vibrations we generally refer

as IR inactive. Conversely, if vibrations lead to dipole moment variations are called

IR active. Selection rules state that absorption and emission occur according to

∆ν = ±1. However, it is also possible to observe also transitions in the absorption

spectrum which violate this condition, know as "overtones".
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3.5.3 Vibrational normal modes

It is well know that a molecule composed of N atoms has 3N degrees of freedom.

In non-linear molecules, the total number of vibrational modes are 3N-6; being

three both the translation and rotation modes. Whereas, for linear molecules such

vibrational modes are 3N-5.

Vibrations can be classi�ed in two di�erent categories: stretching vibrations and

bending vibrations (Fig. 3.17). Stretching modes consist in periodical variations of

the inter-atomic bond length and can be symmetric νs (if atoms bounce back and

forth simultaneously) and anti-symmetric νa (if atoms oscillate out-of-phase). In

bending vibrations the position of atoms changes relative to the bond axis.

Figure 3.17: Schematic representation of stretching and bending vibrations.

Molecules can experience a symmetric or an anti-symmetric bending vibration

along the plane on which lies the bond angle or out of it. Symmetric and anti-

symmetric in-plane vibrations are know as scissoring (δ) and rocking (ρ), respec-

tively. Symmetric and anti-symmetric out-of-plane vibrations, instead, are called

twisting (τ) and wagging (w).

Being the infrared range of the electromagnetic spectrum extremely large, it

is usually divided in three di�erent spectral regions: Near-Infrared (NIR, 12.000-
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4000 cm−1), Mid-Infrared (MIR, 4000-400 cm−1) and Far-Infrared range (FIR, <400

cm−1).

In the NIR range falls all the absorption bands produced by electronic transi-

tions, similarly to what happen in the case of visible light or UV. In MIR, we can

found absorptions caused by foundamental vibrational levels. Finally, in FIR all the

rotational modes of the system can be detected.

Between 3800 and 1300 cm−1, know as functional groups region, we can recognise

all the absorption bands which came from stretching modes. Here, X-H bonds

and C-Y multiple bonds vibrations can be found. Between 1300 and 400 cm−1,

known as �ngerprint region, falls vibrations of the whole molecule, also known as

"skeleton" vibrations. Finally, the 400 - 200 cm−1 range includes heavy atom bonds

and vibrations of functional groups without hydrogens.

3.5.4 IR absorption band features

When a monochromatic light of intensity I0 passes through a layer of thickness d, a

portion of it will be absorbed by the material while the remaining will be transmitted

with a residual intensity:

I = I0e
−

2kωd

c = I0e
−

4πkd

λ = I0e
−αd. (3.59)

This equation, know as Lambert-Beer law, relates the amount of absorbed radiation

with the material properties, concentration and thickness. In fact, α is the absorp-

tion coe�cient, d the thickness crossed by the radiation, λ the wavelength, ω the

frequency, k the imaginary part of the refractive index (known also as extinction

coe�cient) and c the speed of light.

The ratio of transmitted intensity, I, to incident intensity, I0, at a given frequency

is called the transmittance, T, of the sample:

T =
I

I0
= e−αd. (3.60)

We can de�ne now the Absorbance A as the logarithm of the inverse of T:

A = log10
1

T
= log10

I0
I

= αd log10e =
αd

2.303
. (3.61)
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If the sample is dispersed in solution, we can de�ne A as a function of its molar

concentration c as:

A = ε(ν̃)cd, (3.62)

where ε is the molar absorption coe�cient (sometimes still called the �extinction

coe�cient"). The maximum value of ε(ν̃) gives us an indication of the transition

intensity. However, the absorption band spreads across a range of wavenumbers, so

a single wavenumber may not re�ect the true intensity of the transition. For this

reason we usually deal with an integrated absorption coe�cient, A, which is the

sum of the absorption coe�cients over the entire band, and corresponds to the area

under the plot of molar absorption coe�cient as a function of wavenumbers:

A =

∫
ε(ν̃)dν̃. (3.63)

A graphical representation of Eqn. 3.63 is displayed in Fig. 3.18.

Figure 3.18: Molar absorption coe�cient ε(ν̃) as a function of wavenumbers ν.

Spectral line formation, both in absorbtion or emission, strictly depends on quan-

tum phenomena which involve the i and j states account for the low (i) and high

(j ) energy levels. Generally, three kinds of transitions can occur between these two
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eigenstates: spontaneous and stimulated emission, and absorption.

Concerning the transition between the i and j energy levels we can distinguish

two types of excitations: (i) radioactive excitation, in which a photon is absorbed

by the electron and as a result of it "jumps" from i to j. (ii) Collisional excitation,

if the system is pumped by an external energy source in such a way to exceed the

energy gap hν, then transition from i to j may occur.

If the system is conducted in a non-equilibrium state (the j state, in this case,

being at higher energy content with respect to i), the electron will eventually ex-

perience a decay from the upper quantum state j to the lower one i through three

di�erent processes.

� Collisional de-excitation

� Stimulated de-excitation

� Spontaneous de-excitation

In the stimulated absorption, electromagnetic �eld oscillations at transition fre-

quency cause transitions between di�erent states. Let's de�ne w the rate of change

that a molecule passes from its initial state to one of higher energy (also know as

transition rate):

w = Bρ, (3.64)

with B equal to the stimulated Einstein coe�cient and ρ the energy density of the

radiation. The transition rate w multiplied by the number of molecules N in the

low-energy state give us the total absorption rate W :

W = Nw. (3.65)

It is worth of note that the molecule may also experiences a de-excitation process,

generating a new photon of frequency ν. Accordingly, the stimulated emission rate

w′ can be written as:

w′ = B′ρ, (3.66)

with B′ equal to the stimulated emission coe�cient. For spontaneous emission,

being always a decay process as the previous one, the total transition rate is given

by:

w′ = A+B′ρ, (3.67)
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where A represents the Einstein coe�cient for the spontaneous emission.

Hence, the overall emission rate assumes the form:

w′ = (A+B′ρ)N ′, (3.68)

with N' equal to the population of the upper energy level. Furthermore, the absorp-

tion and emission coe�cient are equal. This means that if both the lower and upper

energy level share exactly the same population, the two corresponding transition

rates will be equal and no absorption occurs.

Considering that the spontaneous emission is a function of frequency, for low

frequency values (typical of roto-vibrational transitions) it can be neglected and the

total absorption can hence be written as a function of the population di�erence

between the energy states involved:

Wt = (N −N ′)Bρ. (3.69)

According to these equations, some considerations can be made: (i) since the �rst

electronic excited state is generally located 104 cm−1 above the foundamental state,

at ambient temperature it is always empty. Consequently, the electronic spectrum

is usually composed of transitions which come from the lowest energy level. This is

similar for vibrations, being the foundamental and the �rst energy state separated

by 500 - 4000 cm−1. This consideration cannot be applied to rotations, because

even at ambient temperature most of the rotational excited states are populated

(separation of 1 - 10 cm−1). Hence, rotational transition may be generated from a

large number of initial states and not only from the foundamental one.

Finally, there are several factors which a�ect the band width in a IR absorp-

tion spectrum. The �rst is the Natural line broadening. This type of spectral line

broadening arises from the spontaneous decay rate. If we consider a bunch of atoms,

their lifetimes are a�ected by the uncertainty in their energy states from quantum

mechanics:

∆E∆t ∼ ~.

A photon in a certain energy state will therefore have a range of possible frequencies
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when it decays to a lower state:

∆ν ∼ ∆E

h
∼ 1

2π∆t
.

The line pro�le function due to natural broadening is the Lorentzian Pro�le. A

typical lifetime for an atomic energy state is 10−8 seconds, which corresponds to a

natural line width of 6.6 x 10−8 eV. However, this contribution is usually very small

compared with other causes of broadening.

The second source of broadening comes from the Doppler e�ect. It occurs when

the radiating atoms have a movement relative to the observer. The random atomic

movement of the atoms is directly related to the temperature, which is why this

broadening mechanism is called also thermal. In particular, if a moving source

emits radiations at a frequency ν, depending on whether get away or closer with

respect to the observer, we can calculate the variation of frequency as:

ν ′ =
ν

1± ν

c

, (3.70)

where the + and - signs take into account the relative movement of the source. The

line pro�le function due to the Doppler broadening is the Gaussian pro�le.

The last phenomenon that induces broadening of spectral lines is the collisions

between excited atoms. We have to consider two types of collisions: (i) Lorentz

collisions (between di�erent atoms) and (ii) Holtsmark collisions (between atoms of

the same type). For electrically neutral particles we have:

∆νcoll(P, T ) = ∆νcoll(P0, T0)
P

P0

√
T0
T
. (3.71)

Collisional broadening ∆νcoll(P, T ) depends on the relative pressure (P respect to

P0) and temperature (T respect to T0) of the gas; with P0 and T0 equal to the ambient

pressure and temperature. In particular if both T and P increase we shall assist to

a strong broadening. It is worth noting that in this case, the spectral line pro�le is

not Gaussian but Lorentzian, characterized by a narrower spike and longer wings.

In the context of high pressure and high temperatures, the phenomenon of resonant

self-absorption can also occur. This phenomenon consists in the auto-absorption of

the emitted radiation by colder external gas layers.
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3.6 BOMEM DA8 spectrometer

FTIR measurements reported here were carried out in the 400 - 4000 cm−1 range

using a Bomem DA8 spectrometer (Fig. 3.19) equipped with a Globar lamp source,

a potassium bromide (KBr) beam-splitter (BS) and a deuterated triglycine sulfate

(DTGS)/MIR detector.

Figure 3.19: Bomem DA8 spectrometer.

The instrument is basically made up of three di�erent main sections: the upper

one containing the source and beam-splitter compartment, the middle section with

the beam switching compartment, the sample compartment and the detector mod-

ules, and �nally the lower part containing the vacuum leads, the data processing

and control electronics and the power supplies. As sources, the DA8 spectrometer

is equipped with a Hg lamp (5 - 200 cm−1), a Globar (SiC, 200 - 10.000 cm−1) and

a Quartz lamp (2000 - 25.000 cm−1). Concerning the beamsplitters, we can �nd a

25 µm Mylar �lm (10 - 125 cm−1), a Hypersplitter (40 - 700 cm−1), a KBr (500 -

5000 cm−1) BS or a Quartz BS (4000 - 25000 cm−1). As already mentioned, for the

purpose of this thesis a KBr BS was used. It has a diameter of 10 cm, and it is

coated with a protective �lm of Ge or Sb2S3. It is also hygroscopic, and therefore,

despite the coating, it must be kept in a dry and moisture-free environment.

Close to the interferometer there is a 45°-tilted mirror (output beam selection

mirror) that can be rotated thanks a software-controlled motor.
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This allows to focus the beam towards one of the �ve output ports of the instru-

ment (see Fig. 3.20).

Figure 3.20: The �ve output ports of the BOMEM DA8 spectrometer.

Two of theme are for the two detectors (one for MIR and the other for FIR)

installed on the instruments (frontal exits); whereas the other two are located lat-

erally to the sample compartment in a symmetrical position, and the last one is

placed at the back of the instrument. For the frontal ports (right sample position

and left sample position), the beam is directed, thanks to a �at mirror, towards one

of the two paraboloid mirrors which focuses the beam on the sample (see Fig. 3.21).

The outcoming radiation, now partially absorbed by the sample, is collected by the

other paraboloid mirror (detector focusing mirror), which is used to focus the beam

on the detector.

The DA8 spectrometer can operate at six di�erent resolutions: 4, 2, 1, 0.5, 0.1

and 0.40 cm−1. Furthermore, it is possible to set the velocity of the movable mirror

of the interferometer between 16 values from 0.01 and 4 cm/s. However, it must be

compatible with the response times of the detector used.

Finally, the dedicated software allows to selected also a pressure threshold (eight

di�erent values between 0.1 and 50 torr) and set a gain of 1, 4, 16 or 64. Concerning

the data acquisition and processing DA8 uses the GRAMS software.

For the purpose of this work, our measurements were performed exploiting a

particular geometry know as Attenuated Total Re�ectance (ATR). The internal re-

�ection and the concept of evanescent wave, which represent the main features of
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Figure 3.21: Internal optical con�guration of the BOMEM DA8 spectrometer.

ATR spectroscopy, was �rstly described by ISAAC NEWTON. Generally, the ATR

technique is based on the total re�ection principle occurring on the interface be-

tween materials having di�erent refractive index n; and it is extremely helpful in

those case when opaque samples, or organic materials, must be characterized. The

procedure described here is for single re�ection ATR.

In a common FTIR spectrometer, the IR beam coming from the interferometer

travels through a series of lenses and mirrors of the ATR unit, which is placed inside

the sample compartment (Fig. 3.22). Then, it goes into a non-absorbing crystal

(ATR crystal) placed in contact with the investigated material, in order to perform

an internal re�ection at the back of the crystal itself. In fact, according to the Snell

law (see Fig. 3.23):

n1sinθ1 = n2sinθ2, (3.72)

when an electromagnetic wave travels from a high refractive index n1 to a low

refractive index n2 medium, we can de�ne an angle know as critical angle:

θcrit = arcsin(
n2

n1

),
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Figure 3.22: (a) ATR unit and (b) internal section.

such that if θ1 > θcrit no refracted wave will occur, and the incident light undergoes

a total re�ection by the interface.

n1 n2
Interface

i

r

θ1
θ2

Interface

Figure 3.23: Representation of a propagating wave from a high refractive index
material n1 towards a low refractive index material n2. i and r are representative
of the incident and refracted wave; whereas θ1 and θ2 of the incident and refracted
angle, respectively.

As a result of this, we observe the formation of an evanescent wave that shows

an exponential decay within the medium at lower refractive index (n2). Some of

the energy of the evanescent wave is absorbed by the sample and the re�ected

radiation is returned to the detector. This phenomenon is displayed in the following

representation of a single re�ection ATR (Fig. 3.24).

This evanescent wave penetrates into the investigated sample for microns, with

the exact value being determined by the wavelength of light, the angle of incidence

and the indices of refraction for the ATR crystal and the medium being probed.
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Figure 3.24: Penetration of the evanescent wave into the sample.

Typically, it propagates 2-15 µm beyond the surface and for this reason an intimate

contact of the ATR crystal with the sample is essential.

As previously stated, in order to assist to internal re�ection, some special mate-

rial properties are required. In particular, for the evanescent wave to occur, one of

the two media (crystal or sample) must have a very low refractive index with respect

to the other one. In our case, a diamond ATR crystal (there are also zinc sulphide

(ZnS), zinc selenide (ZnSe) and germanium ATR crystals) was used (n = 2.41 at

1000 cm−1). Diamond is a valuable material for a wide range of samples, because it

is resistant to scratching and abrasion and can tolerate a wide pH range as well as

strong oxidants and reductants. Finally, it is worth mention that in case of multiple

re�ection ATR (see Fig. 3.25), the path length of the sampling surface can be cal-

culated as the product of the number of re�ections and penetration depth dp (which

will be de�ned further in the text). This produces more intense spectra and hence

it is useful in case of weak absorbers; while the single bounce�ATR is preferred in

those case in which strong absorbent materials must be analyzed.

Since the materials investigated in this thesis posses a water component, the use

of an ATR unit is of extreme advantage. In fact, according to the Lambert-Beer law

(see Eqn. 3.59 and 3.62), the IR absorption associated to each component inside

the sample will be strongly dependent on its concentration.
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Figure 3.25: Multiple internal re�ection cell.

Because of the high molar concentration of water (and, therefore, an extremely

large molar absorptivity), the foundamental O-H stretching mode centred at ∼
3400 cm−1 makes IR transmission measurements di�cult to carry out due to well-

documented saturation e�ects [90�93].

The ATR unit allows to get reliable FTIR spectra of water-based materials in

the mid-infrared region, because of the small penetration depth dp of the evanes-

cent wave. Technically, dp is de�ned as the distance required for the electric �eld

amplitude to fall to e−1 of its value at the surface, and can be written as:

dp =
λ

2πn1

√
(sin2θ − n2

21)
, (3.73)

with θ, n1 and n21 the incident angle, the refractive index of the ATR crystal and the

ratio of the refractive indices of the sample and probe, respectively. The dependence

of the penetration depth on these parameters provides the opportunity to choose

whether one wants to investigate the surface or the bulk of the sample. The larger the

incident angle and the higher the refractive index of the internal re�ecting element is,

the lower the penetration depth, thus only the surface is investigated. Furthermore,

the penetration depth dp depends also on the wavelength λ of the beam, which means

that an increase of λ leads to an increase of the penetration depth and therefore of

the intensity. However, it should be pointed out that the wavelength dependency

causes small distortions in the resulting spectra but it is always taken into account

in all commercial BOMEM software.

Finally, it is worth of note that ATR measurements could cause some variations

in the band shape due to the anomalous dispersion (AD) e�ect. Basically, according

to optics laws, "normal" light dispersion occurs when the refractive index n increases
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as the wavelength λ decreases (like in prisms)

dn/dλ < 0. (3.74)

AD is achieved when the refractive index increases with increasing the wavelength

λ (Fig. 3.26), as opposed to the previous case.
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Figure 3.26: Behaviour of the refractive index n as a function of the wavenumber.
Grey areas display normal dispersion; whereas the white area shows anomalous
dispersion.

As a result of this, we can observe variations in the intensity and band positioning

(generally red-shifted down to ∼ 70 cm−1) of the FTIR-ATR peaks, although no

new bands or peaks will be formed.

3.7 FTIR experiment

FTIR-ATR absorption spectra were recorded, as already mentioned, using a Bomem

DA8 Fourier transform spectrometer, operating with a Globar source, in combina-

tion with a KBr beamsplitter and a thermoelectrically cooled deuterated triglycine

sulphate (DTGS) detector. The samples of sponge were contained in Golden Gate

diamond ATR system, just based on the Attenuated Total Re�ectance (ATR) tech-

nique. The spectra were recorded with a resolution of 4 cm−1, automatically adding

100 repetitive scans in order to obtain a good signal-to-noise ratio and highly re-

producible spectra. All the measurements were performed in a dry atmosphere. To
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check a possible unwanted e�ect induced by wetting and/or drying phenomena when

the sample holder was �lled with dry nitrogen, IR spectra in presence and absence of

air were compared without showing any signi�cant di�erence. All the spectra were

normalized for taking into account the e�ective number of absorbers. No smoothing

was done, and spectroscopic manipulations such as baseline adjustment and normal-

ization were performed using the Spectracalc software package GRAMS (Galactic

Industries, Salem, NH, USA). The analysis of the 3000�3800 cm−1 region, that

required a band decomposition procedure, was undertaken using the curve �tting

routine provided in the PeakFit 4.0 software package.

Measurements were carried out, as a function of temperature and hydration level

h, on bPEI/TOUS-CNFs sponges at three di�erent weight fractions, namely CNS

(0.2:1), CNS (1:1) and CNS (2:1). The hydrated samples were prepared by adding

a suitable amount of D2O and H2O to a weighed quantity the corresponding dry

powder of CNS, in order to achieve the desired hydration level h (h = weight of

water/weight of sponge). The lowest hydration level for each sample was h = 0.4;

whereas the highest was h = 8 for CNS (0.2:1) and h = 10 for CNS (1:1) and CNS

(2:1). For each hydration level a temperature scan was carried out between 250 K

and 340 K (with a 10 K-degree step) through a 4000 SeriesTM Stability Temperature

Controller (Fig. 3.27).

Figure 3.27: (a) frontal and (b) back view of the 4000 SeriesTM Stability Temper-
ature Controller. (c) Monitor for the temperature set-up.
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SANS analysis on bPEI/TOUS-CNFs

sponges

In Fig. 4.1 we display, as example, the 2D scattering pro�les of CNS (2:1) sample,

in the dry state and at di�erent hydration levels, measured at a S-D distance of

5.125 m and using an incident wavelength of 4.4 Å.

The observed pro�les are isotropic for all the investigated samples in the entire

q-range explored in the present experiment, suggesting the absence of privileged

orientations of the bPEI and nano-cellulose chains in real space. In other words, a

random conformation of both the network-forming components, both in the dry and

in the hydrated state, is observed. Taking into account the experimental method

used for the synthesis of the investigated sponges, a random conformation of the

bPEI/TOUS-CNFs chains was in a way expected. More precisely, the polymer net-

work is initially due to the freezing of the solution were TOUS-CNFs are randomly

dispersed. This approach implies the formation of ice crystals in the microscopic

spatial domain and the freezing of the structure with a random distribution of �bers.

After the freeze-drying process, the removal of water generates micro-sized pores,

with the consequent formation of a cellulose-based porous material which maintains

the random chains conformation. In addition, the grinding of the sponge into smaller

particles and the occurrence that the scattering is done on powders allows us to ex-

pect an isotropic pro�le. The obtained 2D scattering pro�les, then, experimentally

con�rm what expected.
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Figure 4.1: 2D scattering pro�les of CNS (2:1) sample, in the dry state (a), and
hydrated at h = 2 (b), h = 4 (c), and h = 10 (d). The brightness represents the
logarithm of the total number of neutrons counted on the detector arbitrary scale,
not corrected for the background or the contribution of the sample cell. Di�erent
colors have been used in order to show contours of constant neutron counts. Note
that a beam stop is used to prevent detector damage due to the unscattered beam,
resulting in a black spots centered at q = 0. Here a white mask was applied in order
eliminate this contribution in the data treatment.

Furthermore, a variation in the pattern is observed passing from the dry sample

to the one hydrated at h = 10, revealing structural variations induced by the water

content.
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Fig. 4.2 displays the neutron scattering curves I(q) vs. q of CNS (0.2:1), CNS

(0.5:1), CNS (1:1) and CNS (2:1) sponges, dry and swollen from h = 0.8 to h = 10,

azimuthally averaged from the reduced 2D spectra.
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Figure 4.2: Scattering intensity as a function of q for CNS (0.2:1) (a), CNS (0.5:1)
(b), CNS (1:1) (c), and CNS (2:1) (d) sponges, in the dry state and swollen at
di�erent hydration values h.

A �rst important consideration can be made by comparing the scattering pro�les

of the dry samples with those of the hydrated ones, regardless of the content of bPEI.

In fact, for the latter, a double curvature is well evident. More precisely, we observe

an upturn at low q values, below 0.02 Å−1, followed by a broad shoulder in the

medium q-range, between 0.02 and 0.1 Å−1, and a horizontal plateau above 0.1

Å−1.

This trend is indicative of signi�cant structural changes induced by the hydration

process, which leads the chains forming the network to reorganize, generating, at

two di�erent length scales, inhomogeneities in the density of the nano�bers caused

by the presence of water molecules.

79



Chapter 4. SANS analysis on bPEI/TOUS-CNFs sponges

In particular, the low-q upturn can be associated to a spatial distortion of the

order of hundreds of nanometres. On the other side, the high-q feature is due to a

variation, upon hydration, in the local structure (∼ 10 - 100 Å) of cross-links points

between di�erent �bers. It is worth remarking that if, on one side, the low-q upturn

was in a way expected due to the presence, for such systems, of inhomogeneities

at micro-scale level already experimentally observed [23], on the other side, the

observed high-q feature can be considered as a �rst evidence of the existence of

nanoscopic structural features, for our samples.

Furthermore, as can be seen from an inspection of Fig. 4.3, a clear evolution

of the spectra can be also detected as a function of the chemical composition of

the sponges in terms of weight fraction between the two components, i.e. bPEI

and TOUS-CNFs. In particular, the broad shoulder in the medium q-range shifts

towards high q values with a decrease of the bPEI:TOUS-CNFs weight fraction.
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Figure 4.3: I(q)q2 vs. q plot for CNS samples at di�erent weight fraction between
cross-linker and TOUS-CNFs ranging from 0.2:1 (blue circles) to 2:1 (black circles),
at h = 1.5 as example. The arrow indicates the decrease of the weight fraction.
In order to highlight the q-shift of the broad shoulder, the scattering curves were
properly vertically translated for a better visualization.

This observed shift, which implies a decrease of a typical length scale in the

range of several tens of Å, can be related to a reduction of the dimensions of the

clusters characterizing the polymer network. This can be explained by considering
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the role of the polyethyleneimine into the 3D structure of the sponge. In fact, as the

amount of bPEI decreases, smaller molecular aggregates are expected. The higher is

the amount of bPEI, more interconnections among di�erent cellulose nano�bers are

expected, leading to the formation of larger aggregates with a lower cross-linking

density. On the contrary, by decreasing the amount of bPEI, the number of TOUS-

CNFs involved in the formation of aggregates decreases, and consequently an inten-

si�cation of cross-linking density is expected, leading to a more rigid structure.

From the qualitative description of the overall trend depicted in Fig. 4.2 and

Fig. 4.3, two important conclusions can be drawn: (i) hydration leads to changes

in the low- and medium-range structures of the sponge as a consequence of water

con�nement inside the CNS polymeric network, and (ii) the chemical composition of

the sponge, and more speci�cally the ratio between bPEI and TOUS-CNFs, strongly

a�ects the structure of the network. In order to quantitatively describe the structural

variations occurring in the CNS sponges, and how the nano- and micro-porosity of

the material change upon hydration, the Correlation Length Model (CLM) was used.

It consists in an empirical functional form describing all those kinds of pro�les

which have a low- and a high-q signal, like those typically observed in hydrogels

[23, 26, 94�97], polyelectrolyte solutions [98] and water-soluble polymers [99].

In the framework of this model, the SANS intensity data are �tted to the fol-

lowing functional form:

I(q) =
A

qn
+

B

1 + (ξq)m
+ bkg. (4.1)

This scattering law assumes the existence of two types of correlations in the scatter-

ing length density that are independent, and hence their contributions are additive in

the �tting law. The �rst correlation is out of our experimental window, i.e. a large-

scale correlation extending at distances larger than hundreds of Å (as estimated by

the inverse of minimum q-value explored), and it is described by a power-law which

is asymptotic and accounts for a gel-like behavior (∼q−2). The second term in the

scattering law, is a Lorentzian term widely used in the aforementioned literature,

that describes the high-q behavior covering a spatial scale of ∼ 10 - 100 Å and allows

to extract a short-range correlation length ξ. In our case, according to previously

reported literature, it is reasonable to assume that the correlation length ξ can rep-

resent an estimation of the mesh size (MS) of the CNS network, in turn related to
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the average distance between cross-links of the network itself. Hence, this quan-

tity can be interpreted as an indirect estimation of the e�ective dimension of the

nano-cavities produced by the cross-linking of the reticulated cellulose nano�bers.

Going on, A and B are two free parameters that describe the weighting coe�cients

of these contributions. In the above model, the incoherent scattering is also taken

into account by adding a constant background (bkg) term, which is left as a �oating

parameter. Finally, the power-law (n) and Lorentzian (m) exponents account for

the scattering due to the presence of inhomogeneities on di�erent spatial scales. As

already reported [95, 99], n and m can be interpreted, for this class of systems, as

the density of �bers seen at two di�erent length scales.

In Fig. 4.4 we report an example of best-�t to the experimental data by using

the CLM model, in the case of CNS (0.5:1) sample at h = 10.

Figure 4.4: Example of best-�t applied to the experimental data, as obtained in
the case of CNS (0.5:1) sample at h = 10.

A possible representation of the aforementioned parameters, and how these are

associated to the polymeric structure of the CNS system, is reported in Fig. 4.5.

The short-range behavior of the CNS network upon increasing the amount of

water can be visualized by looking at the hydration-dependence of the ξ parameter,

as pointed out in Fig. 4.6 for all the investigated systems. The correlation length

for CNS (0.2:1) and CNS (0.5:1) samples exhibits an almost constant behavior, with

average values of ∼ 17.5 Å and ∼ 21 Å, respectively.
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Figure 4.5: Network structure of the CNS sponge, together with the corresponding
model parameters. Black lines are representative of the TOUS-CNFs network, or-
ange lines are indicative, instead, of the cross-linker (bPEI) network. The green dots
are the cross-links between nano�bers (amide covalent bonds). The dash-dotted red
curves describe the presence of inhomogeneities at two di�erent length scales, as
taken into account by the power-law (n) and Lorentzian (m) exponents. Finally,
as already pointed out, the correlation length ξ can be used to �gure out the mesh
size, i.e. the dimensions of the pores of the sponge-like material (yellow area). We
remark that the reported �gure has to be intended just as a fast visualization of the
physical parameters under investigation, so it should not be read in scale.

On the other side, signi�cant variations are observed for CNS (1:1) and CNS

(2:1). Speci�cally, ξ diminishes from ∼ 29.5 Å (at h = 1.5) to ∼ 25 Å (at h = 10)

for CNS (1:1), and from ∼ 34.7 Å (at h = 1.5) to ∼ 27.5 Å (at h = 10) for CNS

(2:1). Based on what previously observed on similar systems [94, 100], a reduction

of the correlation length is generally associated to a packing in the local structure

of the CNS polymer chains.

For our investigated samples, the observed trends can be justi�ed in terms of the

onset of new physical cross-links between cellulose nano�bers due to intermolecu-

lar hydrogen bonds activated by water molecules, together with the protonation, in

presence of water, of the nitrogen atoms of the primary amino groups of bPEI. Pre-

sumably, these hydrogen bonds occur between the strongly electronegative nitrogen

atoms of the primary amino groups of polyethyleneimine and deuterium atoms of

water molecules.
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Figure 4.6: Hydration-dependence of the correlation length ξ for all the inves-
tigated CNS sponges (the dashed-lines represents a guide for eyes). Error bars
represent the uncertainty from the best-�t procedure.

As a matter of fact, it has been already reported [101�104] that, thanks to

the high quantity of positively charged N atoms, the bPEI behaves like a "proton

sponge", showing interesting bu�er properties in solution. Water molecules en-

trapped in the CNS local network lead to the protonation of amines, resulting in

an increasing of electrostatic interactions between charged polymeric chains. This

factor in�uences the short-range structure of the sponge (and, as we will describe

in the following, the long-range one) due to the activation of repulsive electrostatic

interactions involving the monomeric units of the polyethyleneimine itself. Then,

an elongation of the branched chains of the bPEI as a consequence of the proto-

nation of the primary amino groups can be reasonable, especially at high values of

the hydration level h. Because of this conformational variation, the bPEI chains can

entrap, in principle, an increased number of water molecules inside the nano-cavities

with respect to the unprotonated condition, via the formation of hydrogen bonding

[103].
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As previously discussed, in the case of CNS (0.2:1) and CNS (0.5:1) samples,

a strong interconnection between same CNFs is expected, with high-density cross-

linking and consequently smaller rigid pores, whose dimension cannot be further

reduced. In the case of CNS (1:1) and CNS (2:1) specimens, the increased concen-

tration of bPEI, which implies a wider interconnection between di�erent CNFs, leads

to higher ξ values. This structure allows more water molecules to be disposed in

the �rst solvation shell inside the pores, being involved in the formation of hydrogen

bonds. Therefore, CNS (1:1) and CNS (2:1) sponges exhibit a more enhanced wa-

ter con�nement around the polymeric chains with respect to CNS (0.2:1) and CNS

(0.5:1). This water con�nement is reasonably responsible of a local re-distribution

of the bPEI chains around the TOUS-CNFs network, with polyethyleneimine con-

centrating in speci�c regions of the space formed by cellulose nano�bers, i.e. of the

packing of the network structure at low-scale (∼ 10 - 100 Å). At the light of the

aforementioned considerations, this packing, re�ected in a reduction of the poly-

meric mesh size de�ned by the CNS network, is revealed only at the highest values

of the bPEI:TOUS-CNFs weight fractions.

Another factor that can contribute to justify the constant trend of the correla-

tion length ξ observed for CNS (0.2:1) and CNS (0.5:1) samples is water satura-

tion. Probably, these two materials reached the full hydration conditions already

at the lowest analyzed hydration levels, due to the high rigidity of pores. Further

added water cannot be entrapped in the pores and, hence, cannot contribute to

the swelling/shrinkage of the network, whose structural features will remain almost

unaltered.

The structural and conformational variations of the CNS polymeric network, as

a function of hydration, and hence the possibility of �tuning� the dimensions of the

micro- and nano-porosity of the cellulose material, can be also accounted by the

analysis of the power-law n and Lorentzian m exponents extracted from the model.

As already pointed out, the n and m exponents can be associated, for this class of

materials, to the density of TOUS-CNFs at high (larger than hundreds of Å) and

low (∼ 10 - 100 Å) spatial scale, respectively.

In Fig. 4.7a and b, we display the behavior of the n and m exponents as a

function of hydration level for all the investigated samples.

85



Chapter 4. SANS analysis on bPEI/TOUS-CNFs sponges

2 4 6 8 1 0
2

3

4

5

( b )
H y d r a t i o n  h

Po
we

r-la
w e

xp
on

en
t, n

( a )

1

2

3

4

5

 Lo
ren

tzia
n e

xp
on

en
t, m

2 4 6 8 1 0

2

3

4

5

H y d r a t i o n  h

Po
we

r-la
w e

xp
on

en
t, n

1

2

3

4

5

 Lo
ren

tzia
n e

xp
on

en
t, m

Figure 4.7: Plot of the power-law n (black symbols) and Lorentzian m (red sym-
bols) exponents as a function of hydration level h for (a) CNS (0.2:1) (open squares)
and CNS (0.5:1) (closed squares) and for (b) CNS (1:1) (open triangles) and CNS
(2:1) specimens (closed triangles). Lines are guide for eyes. Error bars represent the
uncertainty from the best-�t procedure.

In the case of CNS (0.2:1) and CNS (0.5:1) sponges, reported in Fig. 4.7a, both

n and m exponents appear almost constant in the investigated hydration range,

suggesting a constant value of the density of the nano�bers both at high and low

spatial scale. This result appears in agreement with the constant trend vs. h of

the correlation length ξ already observed for these systems and justi�ed in terms

of low number of N atoms involved in the hydrogen bonds with water and water

saturation. On the other side, as can be seen from an inspection of Fig. 4.7b,

variations in the TOUS-CNFs density are induced by the presence of water, both

at high and low spatial scale, in the case of CNS (1:1) and CNS (2:1) samples.
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Interestingly, for both samples the power-law exponent n exhibits, starting from h

= 1.5, a diminishing tendency by increasing the water content. This observation

can be explained by taking into account that, for low hydration levels, the systems

reasonably show scattering associated to the presence of homogeneous clusters con-

formations, caused by bPEI and TOUS-CNFs densely arranged in space. In fact,

as stated above, for low content of water the bPEI chains are almost unprotonated,

with a high hydrophobicity that does not allow the swelling of the material. As the

water content increases, the observed diminishing of the large-scale density of NFs

accounted by the power-law exponent reveals a change in the medium-range struc-

ture, that passes from a homogeneous cluster conformation (Fig. 4.8, at the top), to

a �swelled� structure characterized by the formation of polymeric �bubbles� inside

the CNS network (Fig. 4.8, at the bottom). At the same time, the low-scale cluster-

ing, already highlighted for these systems by the diminishing vs. h of the correlation

length ξ, is re�ected in an increasing of the Lorentzian exponent m, indicative of

an increasing of the local density of TOUS-CNFs and bPEI at spatial windows of

∼ 10 - 100 Å. As indirect consequence, this process leads to an increasing of the

dimensions of the micro-cavities at medium range, that will contain a reduced num-

ber of bPEI and TOUS-CNFs units (Fig. 4.8, at the bottom). In addition, the role

played by water molecules entrapped in the nano-sized domains and not entrapped

must also be considered in justifying these structural changes. On one side, in fact,

water molecules out of nano-cavities exert a not-negligible hydrostatic pressure on

the polymeric bubbles that tends to enlarge the network. On the other side, this

structural variation is also favored by water molecules con�ned in the nano-pores,

where the establishment of new physical cross-links, which tends to attract cellulose

chains, will cause a densi�cation at low scale with the formation of water �pocket�.

In support of what has just been stated, it is also worth remarking that, as well

known [105], the plot log [I(q)] vs. log(q) can yield information about the so-called

"fractal dimension" of the scattering objects. A value of n between 3 and 4 charac-

terizes rough interfaces of �surface fractals� of fractal dimension D, with n = 6−D.
n = 3 is indicative of collapsed polymer coils, whereas a value of n between 2 and

3 is indicative of �mass fractals� such as branched systems (gels).
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length scales
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Figure 4.8: Schematic overall representation of the structural variations exhibited
by the CNS network by increasing the water content. As can be seen, at low h-values
the system shows an almost homogeneous conformation. The symbols correspond
to those reported in the caption of Fig. 4.5, with blue dots representing water
molecules, in addition. By increasing h, a conformational change at short range is
observed, leading to the formation of �ber-poor and �ber-rich regions whose density
will be taken into account by the n and m exponents behavior (see text for details).
We remark that the reported �gure has to be intended just as a fast visualization
of the physical parameters under investigation, so it should not be read in scale.

In the case of CNS (0.2:1) and CNS (0.5:1) sponges, the power-law exponent

n turns out to be between 2 and 3 in the whole h-range explored, suggesting the

presence of mass fractals typical of a gel-like structure. For CNS (1:1) and CNS

(2:1) systems, the power-law exponent n assumes a value of ∼ 3.8 at the lowest

investigated hydration level (h = 1.5), indicating a dense structure due to the pres-

ence of sharp interfaces. By increasing h, a progressive diminishing of n is observed,
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that reaches a value of ∼ 2.3 at the highest hydration (h = 10). This implies that,

in the analyzed hydration range, the systems undergo a structural transition from

a more rigid network to a �owing gel state. An inspection of Fig. 4.7b gives a �rst

estimation of the cross-over value h* at which this transition occurs, between 2 and

3 for CNS (1:1) sample, and between 1.5 and 2 for CNS (2:1) system. Nevertheless,

for an accurate evaluation of this cross-over, further SANS measurements focused

in these speci�c intervals are necessary.

Finally, we also investigated the role of a co-crosslinker, i.e. citric acid (CA),

on the structural properties of CNS. CA is an organic polycarboxylic acid made up

of one hydroxyl and three carboxyl functional groups, which acts as cross-linking

agent enhancing the mechanical stability of the structure by activation of covalent

interactions [106]. As widely reported in literature, the multi-carboxyl nature of

such compound promotes the reticulation with a large amount of polysaccharides,

including cotton �bers [107], cellulose �lms [108] and chitin derivatives [109]. CA

has already been proved to interact with the bPEI/TOUS-CNFs network according

to two di�erent mechanisms [23]. The �rst one involves the onset of new amine-

based covalent interactions between CA and bPEI chains, the second one regards

the esteri�cation process.

In Fig. 4.9 the short-range correlation length ξ and Lorentzian exponent m

as a function of the water content h for samples CNS (2:1) and CNS (2:1)-CA

are reported. As can be seen, the low-scale behavior in the case of CNS (2:1)-

CA is di�erent from that of CNS (2:1), indicative of a strong in�uence of CA on

the bPEI/TOUS-CNFs network. In particular, the presence of citric acid seems to

�stabilize� the low-scale arrangement, as suggested by the constant trend of both

ξ and m. This occurrence can be explained considering that the presence of CA

promotes a signi�cant increase of cross-linking, maximizing the interconnections

between single �bers and thus minimizing links distances and pores dimensions.

Coherently, the e�ect of CA on high-scale structure of the investigated sponge can

be visualized by comparing the behavior of the power-law exponent n as a function

of h for CNS (2:1) and CNS (2:1)-CA, as displayed in Fig. 4.10.

The high values of the power-law exponent for sample CNS (2:1)-CA with respect

to CNS (2:1), obtained at all the hydration levels, are indicative of an increasing of

the �bers density in the high spatial scale.
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Figure 4.9: h-dependence of (a) short-range correlation length ξ and (b) Lorentzian
exponent m for CNS (2:1) (black symbols) and CNS (2:1)-CA (blue symbols)
sponges.

Reasonably, the formation of amide bonds between bPEI chains and the carboxyl

acid moieties of CA leads to a denser and more rigid structure compared to that of

CNS (2:1), due to the increase of new intermolecular bonds. Consequently, we can

hypothesize that the addiction of citric acid allows the reduction of the size of the

micro-bubbles induced by the presence of water molecules.

Interestingly, the trend vs. h of m and n exponents observed for CNS (2:1)-CA

closely recalls that of CNS (0.2:1) and CNS (0.5:1) systems. This occurrence testi�es

that the addition of CA brings the network from an elastic condition, characterizing

samples with the highest content of bPEI, to a more rigid conformation, typical of

the samples at the lowest content of bPEI. In particular, n values in the case of CNS
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Figure 4.10: h-dependence of the power-law exponent n for CNS (2:1) (black
symbols) and CNS (2:1)-CA (blue symbols) sponges.

(2:1)-CA turned out to be, at all the analyzed hydration levels, de�nitely higher than

the values of CNS (0.2:1) and CNS (0.5:1), whereas m values are almost comparable.

We can explain this occurrence thinking that CA, acting as co-crosslinker, will force

the �bers to stay closer, at long distances. At short distances, instead, a condition,

also in terms of rigidity, similar to that of CNS (0.2:1) and CNS (0.5:1) samples will

be restored.

These observations are consistent with those reported in a previous study, where

we reported a signi�cant increase of the Young's modulus in the presence of increas-

ing amounts of CA compared to the CNS (2:1) sample [23].
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Vibrational dynamics in

bPEI/TOUS-CNFs sponges

FTIR-ATR measurements have been performed on bPEI/TOUS-CNFs sponges fol-

lowing the procedure described in section 3.7 ("FTIR experiment"). The results

reported here are, however, preliminary, and a detailed analysis is still in progress.

Fig. 5.1 reports the comparison between the experimental FTIR-ATR spectra

of samples CNS (0.2:1), CNS (1:1) and CNS (2:1) in (a) H2O and (b) D2O, at T =

300 K and h = 1.5, as example. The absorption bands at ∼ 896, ∼ 1027, ∼ 1334, ∼
1367 and ∼ 1428 cm−1 belong to stretching and bending vibrations of C�O, �OH,

�CH and �CH2 bonds in cellulose [110, 111]. Going on, the absorption peak at ∼
1588 cm−1 can be associated with the residual �COO− groups of the TOUS-CNFs

[23]. As we can see from a �rst inspection of Fig. 5.1, all spectra show the presence

of an intense peak at ∼ 1650 cm−1 associated to the C=O stretching vibration due

to the formation of amide moieties. Being the bPEI mainly constituted by primary,

secondary and tertiary amino groups in a 25/50/25 molar ratio, we can justify the

increase of the C=O stretching peak intensity observed in the FTIR-ATR spectra

as a consequence of the increase of the amino functional groups inside the CNS

polymeric network. At ∼ 2400 cm−1, the symmetric stretching mode vibration of

O�D can be also detected, which appear particularly intense even at h = 1.5.

Peaks at ∼ 2900 cm−1 are attributed to di�erent �CH2 stretching vibrations of all

hydrocarbon constituent in polysaccharides [112].

Furthermore, the N�H stretching peak can be clearly detected at ∼ 3300 cm−1.
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Figure 5.1: FTIR-ATR spectra of bPEI/TOUS-CNFs sponges with: (black curve)
0.2 g, (red curve) 1 g and (green curve) 2 g of bPEI in (a) H2O and (b) D2O. The
arrow indicates the increase of cross-linker.

It partially overlaps the broad O�H stretching band, as can be observed. Moreover,

in sponge hydrated with H2O, the contribution due to H�O�H bending mode

(δ(HOH), ∼ 1630 cm−1) of water molecules engaged in the system appears partially

overlapped to the C=O vibration. Worth of note, the presence of the O�H broad

band even in deuterated samples is observed. It can be explained considering that, as

suggested by many authors, the use of D2O as solvent in aqueous solution leads to an

immediate D�H exchange between D atoms of heavy water and super�cial H atoms

of the xerogel matrix. As a result, we assist to the formation of DHO (deuterium-

hydrogen-oxygen) water molecules whose contribution to the FTIR spectra can be

found in the 3000 cm−1 � 3650 cm−1 region. In addition, O�H stretching modes can

be found in hydroxyl groups in polysaccharides promoting intra- and intermolecular
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HBs between cellulose chains [112]. Based on these considerations, we can suppose,

in agreement with previous studies [113�115], that DHO water molecules are those

strongly interacting with the chemical groups of the bPEI/TOUS-CNFs cavities.

As preliminary results, in Fig. 5.2(a) we report the temperature-evolution of

the IR spectra recorded on sample CNS (1:1) after hydration with water (hydration

level h = 2) in the spectral window 1500�1800 cm−1 and at di�erent selected tem-

peratures. Fig. 5.2(b) shows the IR spectra acquired on CNS (1:1) hydrated with

D2O at h = 2 and at the same temperatures of the data reported in Fig. 5.2(a).

1 5 0 0 1 6 0 0 1 7 0 0 1 8 0 0

( a ) C N S  ( 1 : 1 )  +  H 2 OC N S  ( 1 : 1 )  +  H 2 O
 T  =  2 5 0  K
 T  =  2 7 0  K
 T  =  2 9 0  K
 T  =  3 4 0  K

IR 
Ab

so
rba

nc
e (

a. 
u.)

( b ) C N S  ( 1 : 1 )  +  D 2 O
 T  =  2 5 0  K
 T  =  2 7 0  K
 T  =  2 9 0  K
 T  =  3 4 0  K

W a v e n u m b e r  ( c m - 1 )
Figure 5.2: Temperature-evolution of the infrared spectra obtained for CNS (1:1)
hydrated in H2O (a) and D2O (b).

It appears evident that in the spectra of sponges prepared with deuterated water

the characteristic HOH bending mode of engaged H2O is not present, as expected.
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Indeed, it is well known [116] that the DOD (deuterium-oxygen-deuterium) bending

mode of D2O is shifted in the vibrational spectra to ∼ 1210 cm−1. Thus, the use of

D2O instead of H2O for the polymer swelling allows us to separate and to examine

the e�ect of the water con�nement on the vibration modes assigned to the sponge

matrix and on the HOH bending mode of engaged H2O molecules.

The experimental pro�les of Fig. 5.2 point out that the increase of temperature

is responsible for variations of the IR spectrum of the sponge. The feature at about

∼ 1630 cm−1 associated to the HOH bending mode of H2O tends to become more

intense at high temperatures. At the same time, the total intensity of the residual

�COO− peak (∼ 1588 cm−1) and of the C=O stretching band (∼ 1650 cm−1) of

the polymer increases.

The temperature evolution of the vibrational modes of nanosponge can be better

visualized looking at the pro�les of Fig. 5.2(b), where these bands are not strongly

deconvoluted with the bending mode of water. The increasing intensity of the C=O

stretching mode in bPEI/TOUS-CNFs sponge as a function of temperature is consis-

tent with previous experimental investigations and it has been explained by taking

into account that the thermal motion tends to induce a destructuring e�ect on the

hydrogen bond network of H2O or D2Omolecules which surround the C=O groups of

the polymer. As a consequence, the electrostatic environment experienced by these

chemical groups of polymer is such that it reinforces the overall dipole moment of

the CO functional group [116].

In order to better emphasize the temperature-behaviour of the HOH bending

mode of con�ned water, we report in Fig. 5.3 the spectral contribution of this mode

at T = 290 K, as example. Such mode is isolated by considering the experimental

pro�les of CNS (1:1) hydrated in H2O and in D2O. The pro�le in deuterated water is

then subtracted from the corresponding in H2O. The spectra in H2O and D2O have

been preliminary normalized to the intensity of the band at about ∼ 1030 cm−1,

assumed as a reliable internal standard [116�119].

Indeed, the latter vibrational mode is related to stretching vibrations of C�O

groups of the cellulose material that are not expected to be a�ected by the hydration

of the sponge or by a variation of temperature.

Fig. 5.3 presents the superimposition of the normalized spectral pro�le of the

protium and deuterated sponge in the spectral region, 1500 - 1800 cm−1.
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Figure 5.3: Infrared spectra obtained for CNS (1:1) in H2O (greed dots) at T =
290 K; in the same panel, the contribution of HOH bending of water was isolated
by subtraction of the signal of CNS (1:1) in D2O (see text for details). In the inset,
the temperature-evolution of the HOH bending mode of water is reported.

The pro�le of D2O sponge traces, within the experimental error, the correspond-

ing spectrum in H2O except for the component of HOH bending mode. This �nding

con�rms the reliability of the data handling followed for the subtraction of the spec-

tra. As �rst important result, we �nd that HOH bending mode of water at T =

250 K (inset of Fig. 5.3, black pro�le) shows a characteristic Gaussian-like form dif-

ferent from the nearly �attened pro�le typically exhibited by polycrystalline ice at

the same temperature [120�122]. Indeed, previous IR measurements independently

performed by di�erent authors [120�122], consistently show that during the phase

transition, the IR absorption band of the bending mode of water undergoes sharp

changes in the spectra of both H2O and D2O: in the solid phase, the bending mode

appears very weak, while in the liquid state this band is a dominating peak. More-

over, in the crystalline ice at temperatures below of T = 264 K, the HOH bending

mode rapidly vanishes and it appears as a very weak �attened pro�e, as clearly

shown in Refs. [120] and [122].
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Based on these considerations, the spectra of Fig. 5.3 give evidence that the

H2O molecules engaged in the polymer network of nanosponge remain in liquid

state even below the nucleation temperature where usually the bulk water crystal-

lizes. This �nding, recalling what already observed for water entrapped in a variety

of amorphous porous materials and phyllosilicates [121, 123�125], is consistent with

the conclusion that water is strongly con�ned in the nano-cavities of nanosponge

polymer in the xerogel phase. In addition, the comparison of the HOH bending

mode observed at di�erent temperatures (inset of Fig. 5.3) points out an increase

in intensity of this mode and a slight shift to lower wavenumber upon the increase

of temperature. This behaviour, recalling what already observed in bulk water

[120, 126, 127] and in water con�ned in other nano-porous systems [121, 123�125],

indicates a sudden decrease in the molecular connectivity of the water molecules

arranged in hydrogen bond networks as a consequence of the thermal motion.

Finally, we discuss, as example, the temperature-evolution of the IR spectra of

CNS (1:1) hydrated in D2O in the high frequency range of 2700�3700 cm−1 (Fig.

5.4, panel at the top), where the characteristic OH stretching modes (νOH) of water

are typically observed [116, 128�131]. As suggested by other authors in the case of

aqueous solutions of proteins [132], the use of D2O as solvent allows to selectively

probe the νOH modes of water molecules resulting from isotopic exchanges between

the super�cial H atoms of bPEI/TOUS-CNFs sponge and the solvent D2O placed

closely around the polymer surface, namely, DHO (deuterium-hydrogen-oxygen) wa-

ter molecules. These water molecules give a contribution to the IR spectrum in the

OH stretching region between 2700 and 3700 cm−1 which appears signi�cantly dif-

ferent form that observed for the same sample in H2O, as pointed out in the inset of

Fig. 5.4. This occurrence, in agreement with previous studies [113�115] is consistent

with the hypothesis that the DHO spectrum re�ects a population of water molecules

which more strongly interact with the chemical groups of bPEI/TOUS-CNFs sponge

within the nano-cavities of the xerogel. Consequently, the DHO spectrum can be

considered to be free of intermolecular coupling vibrations and it is called uncoupled

stretching region [132].

As a general trend, we observe a slight shift to higher frequency of the DHO

spectrum upon the increase of temperature (Fig. 5.4, panel at the top) together
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Figure 5.4: Selected IR spectra of CNS (1:1) in D2O (panel at the top) and H2O
(panel at the bottom) at di�erent values of temperature in the high-frequency range
of 2700 � 3700 cm−1. Inset: comparison between the OH stretching band in H2O-
sponge and in DHO spectrum, at T = 250 K.

with an attenuation in intensity of the low-frequency contributions of the DHO

stretching band (shoulder at about 3250 cm−1). As expected, a similar trend is

found also for the OH stretching band of engaged water, as evident by inspection of

the spectra of CNS (1:1) in H2O (Fig. 5.4, panel at the bottom).

These experimental �ndings are consistent with the behaviour observed and

above discussed for the HOH bending mode of water and con�rm the destruc-

turing e�ect induced by the thermal motion on the water molecules con�ned in

bPEI/TOUS-CNFs cavities. As widely reported in literature [113, 127, 133, 134],
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the νOH vibrations of water are particularly sensitive to the co-operativity of the

HB arrangements developed by the solvent molecules in the sponge. This suggests

that the DHO spectrum may be interpreted in terms of the local environment of

the water molecules present in the system [113, 127, 133�138]. By recalling a well

assessed model [135�138] already applied to the analysis of the OH stretching band

in Raman and IR spectra of similar systems [116, 128�131], the spectral modi�-

cations observed in the DHO spectrum can be quantitatively related to di�erent

co-operativity degrees of the HB arrangements of water more closely con�ned in the

pores of bPEI/TOUS-CNFs sponge.

After a preliminary subtraction from the total DHO pro�le of the spectral signal

assigned to the CH vibrational modes of nanosponges (signals falling between about

2760 and 3050 cm−1), the DHO stretching band of water has been decomposed into

four di�erent contributions corresponding to four classes of OH oscillators present

in the system [135�138].

A typical result of the �tting procedure obtained for the DHO spectrum of CNS

(1:1) at T = 270 K (panel at the top) and T = 320 K (panel at the bottom) is shown

in Fig. 5.5, as example.

Taking into account the interpretation of the spectral components of the OH

band as reported in literature [135�138], the sum of the percentage intensities of

the two sub-bands at the lowest wavenumbers, labelled as I1 + I2, can be used to

describe the population of water molecules arranged in tetrahedral HB networks

that exhibit strong hydrogen bonding on both the hydrogen atoms. Conversely, the

sum of the two other contribution to the DHO band, I3 + I4, is representative of the

population of water molecules that develop less strongly interconnected HB patterns

with coordination number less than four [128�130]. The temperature-dependence of

percentage intensities I1 + I2 and I3 + I4 obtained for the DHO spectrum is reported

in Fig. 5.6. It clearly appears that an increase of the temperature, T, corresponds

to a reduction of the population of water molecules arranged in tetrahedral HB

networks (I1 + I2), i.e., bulk-like contribution.

Correspondingly, an enhancement of the population of water molecules involved

in HB network with connectivity less than four (I3 + I4, not bulk-like water) is

observed upon the increase of temperature.

The plot of Fig. 5.6 shows the existence of a characteristic crossover point at
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Figure 5.5: Typical schematic of the �tting procedure results for DHO spectrum
of CNS (1:1) at T = 270 K (panel at the top) and T = 320 K (panel at the bottom).

about T = 260 K, where the population of not bulk-like water molecules becomes

favoured with respect to the population of bulk-like water. This occurrence suggests

that the water molecules more closely con�ned in the cavities of polymer preferably

develop HB networks with connectivity less than four, even at low temperature,

due to the proximity with the chemical groups of the bPEI/TOUS-CNFs sponge. A

more detailed analysis is, at present, in progress.
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Figure 5.6: Percentage intensities I1 + I2 and I3 + I4 of the spectral contributions
to the DHO stretching band as a function of temperature, T, for sample CNS (1:1).
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Conclusions

In this thesis, a structural and dynamical investigation of cellulose nanosponges

(CNS), obtained by cross-linking TEMPO oxidized and ultra-sonicated cellulose

nano�bers with branched polyethyleneimine, was performed by Small Angle Neu-

tron Scattering (SANS) and Fourier-Transform Infrared (FTIR) spectroscopy tech-

niques, respectively. From the SANS results, the CNS hydration is shown to give

rise to signi�cant structural changes at two di�erent length scales, as described

by the trend of scattering intensity versus the scattering wavevector modulus q.

This revealed inhomogeneity in the density of the nano�bers caused by the pres-

ence of water molecules. The analysis of the experimental data, performed in terms

of a Correlation Length Model (CLM), allowed us to demonstrate the role of the

cross-linker and hydration in determining the density of CNFs at high (power-law

exponent) and low (Lorentzian exponent) spatial scale. For the very �rst time it

was also possible to reveal the nano-porosity in the TOUS-CNFs network by deter-

mining the short-range correlation length ξ, and its variation in terms of hydration

and cross-linking, reaching the same minimum both at the highest hydration levels

and the lowest amounts of bPEI. In this latter case, a higher cross-linking density is

expected among fewer CNFs. Finally, the role of citric acid as additional cross-linker

was shown in terms of increased CNFs density and ξ minimization.

From the FTIR results, the molecular connectivity and the extent of hydrogen

bonds patterns of water molecules con�ned in these sponges was clari�ed. As main

result, the HOH bending mode of water in sponge exhibits, at temperatures below

∼ 270 K, a characteristic form quite di�erent from the �attened pro�le typically

observed for polycrystalline ice, giving a strong experimental evidence of a liquid-

like behaviour of the H2O molecules con�ned in the nano-cavities of TOUS-CNFs

matrix. Moreover, the changes in wavenumber position and intensity observed for

HOH bending mode of water upon the increase of temperature indicate a character-
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istic destructuring e�ect on the hydrogen bond pattern of con�ned water molecules,

induced by thermal motion.

The overall results provides an unprecedent characterization of structural and

dynamical properties of bPEI/TOUS-CNFs sponges, and constitute a key prelim-

inary step to understand the close relationship between these properties and the

functionality of these materials, also in view of their possible application in many

di�erent technological �elds.
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