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Abstract

Liquid systems are the ideal platform to study weak, competitive interactions.

While molecular reorganization is inhibited in solids, molecules in liquids can

rapidly rearrange. Understanding the average local molecular restructuring, in the

presence of energetically comparable interactions, underpins this thesis.

Here, hydrogen bonding, dipole-dipole interactions, and dispersion forces have

been studied in a variety of bulk liquids and at the interface of a charged surface. The

aim is to understand the molecular mechanisms from which macroscopic processes

such as dissolution, dispersion, and solution stability are derived.

The high hydrogen sensitivity, high spatial resolution, and highly penetrative

nature of neutrons make them the ideal probe for studying hydrogen bonding and

solution structures. Neutron diffraction combined with H/D isotopic substitution

and molecular simulations via the empirical potential structure refinement method

allowed the study weak OH� � �p and CH� � �O hydrogen bonding in the liquid state,

revealing undiscovered cooperative interactions in the benzene-methanol prototyp-

ical system.

The highly templated structuring found for benzene in methanol evolves when

the p system is an alkene C=C bond or a substituted aromatic. In the latter case, due

to the higher solubility in water of phenol, aniline, and p-nitrophenol than benzene,

the aromatic hydrogen bonding can be tested directly with water, with important

implications for our understanding of liquid water interactions. Lastly, the CH� � �O

and the dipole-dipole interactions in tertiary amides play an important role in the

dissolution of supercapacitor-like systems such as carbon nanomaterials. Testing

these systems with the level of detail reached by neutron diffraction enabled a full
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characterisation of the restructuring of cyclic and planar amides at a charged p

interface.



Impact Statement

Disentangling weak competitive interactions is the first step to improve our under-

standing of the molecular mechanisms behind solution processes, such as solubility,

nucleation and colloid stability.

This thesis work explores a wide range of inter-molecular interactions, which

are often overlooked because considered secondary to stronger, dominant forces,

such as covalent and hydrogen bonding. Weak interactions, such as OH� � �p and

dipole-ion, have a fundamental importance in biology, supra-molecular chemistry,

molecular recognition, because of their stabilising nature and their ability to partic-

ipate in cooperative mechanisms. Here, we present a well-rounded analysis of the

most important weak interactions in a variety of systems, with an unprecedented

level of detail. We revealed the interactions that dominate the solution structure of

important non-aqueous solvents for nanotechnology and their role in the dissolu-

tion of nanomaterials. Understanding the molecular assembling of these liquids is

critical for finding greener, less toxic alternatives without compromising on their

extraordinary properties and versatility.

Our experimental work therefore provides unique insights on the solvation of

nanomaterials at a molecular level using the state-of-the-art neutron scattering sup-

ported by computer simulation. The high spatial resolution accessible by these

techniques allowed us to extract with a unique level of detail ion-nanomaterial and

solvent-ion interactions, and the information obtained is critical for target the appli-

cation of these nanomaterials in the next generation energy devices.
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Chapter 1

Introduction

1.1 Weak Interactions in Condensed Matter

Molecular liquids are ubiquitous as their local arrangement is at the base of the

driving forces of many solution processes, such as nucleation, phase behaviour of

multi-component systems, and solubility.1,2 For example, crystal structure depends

on the history of growth from pure liquids and solutions which will determine its

solid-state properties, as well as clathrate hydrates and crystal metals formation.

Linking the microscopic behaviour of liquids to their macroscopic properties will

help us �nding better, greener alternatives to toxic and expensive industrial solvents,

however revealing their structure is a true challenge due to the rapid molecular re-

arrangements and the presence of subtle inter-molecular interactions.2

The solvation of liquids depends on the delicate balance between electrostatic,

hydrogen bonding, and dispersion forces, but also molecular environment and co-

operative effects. Unlike covalent interactions, non-covalent interactions are ener-

getically weaker (Figure 1.1), extend to longer ranges and they are highly affected

by the geometry of the systems.3

In Figure 1.1 the main classes of inter-molecular interactions are presented

with the relative bonding energies. It is very interesting the case of hydrogen

bonding, as its strength can vary from quite strong (e.g. 160 kJ/mol in HF�
2

4) to

very weak (e.g. 0.8 kJ/mol in CH4 � � � FCH3
5) depending on the elements involved.

These interactions are rarely found as isolated motifs and they are often present in
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Figure 1.1: Weak inter-atomic/molecular interactions as a function of the bonding energy.
Note the wide energy range in which hydrogen bonding interactions are de�ned.4,6

competition. Whenever one prevails over the others, it will affect the overall struc-

ture of the system studied. These effects are magni�ed in the liquid, especially

when the competitive interactions are energetically comparable. In order to under-

stand their roles, geometries and energies, we can start by looking at them more

closely.

1.1.1 Hydrogen Bonding

In 1931, Linus Pauling inThe Nature of Chemical Bondgives the �rst de�nition of

hydrogen bonding as an electrostatic, and not chemical, interaction.7 The credit for

the discovery goes to Moore and Winmill, when in 1912 explained why trimethy-

lammonium hydroxide is a weaker base than tetramethylammonium hydroxide,

concluding that the reason lied in aweak unionbetween the hydrogen atom and

water.8 While Huggins (�rst), and Latimer and Rodebush (soon after) have been the

�rst to refer to this phenomenon as 'hydrogen bonding' in their work in 1920, the

idea of an hydrogen shared between two elements had been around since 1902.9,10

Hydrogen bonding is an electrostatic interaction characterised by short inter-

molecular distances between two species. IUPAC de�nes hydrogen bonding as "an

attractive interaction between a hydrogen atom from a molecule or a molecular

fragment X–H in which X is more electronegative than H, and an atom or a group

of atoms in the same or a different molecule, in which there is evidence of bond

formation".11 An hydrogen bonded system must normally adhere to geometrical

(linearity, X–H� � � Y = 180°) and thermodynamic criteria (thermal stability), but it

is worth noting that some intrinsic properties of molecules (e.g electronegativity)
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change with molecular environment, so each putative hydrogen bonding needs to

�t into the de�nition case by case. As a general rule, the hydrogen atom in the

X-H� � � Y complex must, at least, carry a positive point charge to be an hydrogen

bond.11

Traditionally, hydrogen bonding was identi�ed from shorter inter-molecular

interactions than the sum of the atomic van der Waals radii. This structural criterion

is, however, not appropriate for most weak/non-conventional hydrogen bonds as

the separations are often signi�cantly longer, while still falling within the IUPAC

de�nition. 4,11

It can happen that a X-H group forms hydrogen bonds to more than one accep-

tor Y simultaneously. If there are two acceptors the hydrogen bond is described as

being bifurcated (X-H� � � Y1, Y2). Rare cases with three acceptors are referred to

trifurcated, accordingly.4

1.1.1.1 Hydrogen Bonding involving O, N, C and S

In a key review published in 2001, Desiraju distinguishes four categories of hy-

drogen bonding: conventional/non-conventional and weak/strong, without a bijec-

tive relationship between them.4 For example, hydrogen bonding can be strong and

conventional (OH� � � O, NH� � � O), weak and conventional (CH� � � O) or weak and

non-conventional (XH� � � Se). While the strength can be classi�ed by the energy

of the interaction, a less de�ned boundary exists between conventional and non-

conventional.4 Most strong hydrogen bonds are conventional, and they are the most

common interactions seen in the natural world as they are responsible for the hy-

drogen bonding network of water, of the DNA bases, and contribute to the three

dimensional stability of macro-molecular complexes such as proteins. Such inter-

actions are often accompanied by weaker hydrogen bonds (interaction energy < 17

kJ/mol, Figure 1.1) which play a stabilising role in determined structures, typically

by acting in concert with other forces in a cooperative manner, i.e. the existence of

one interaction strengthens the others (see 1.1.4).
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1.1.1.2 X–H� � � p Hydrogen Bonding

Electron richp systems, such as aromatics, alkyne and alkenes, can participate in

hydrogen bonding, and they constitute the most common class of non-conventional

acceptors.4,12 The hydrogen bonding interaction between an OH and an aromatic

ring was reported for the �rst time in phenol by Wulf and co-workers in 1936,

and, while weak, it has been con�rmed to play a critical role in stabilising protein

structures.4,13,14

In an extensiveab initio study, Malone and co-workers presented six possible

geometries of the XH� � � p hydrogen bonding that differ in the relative orientation of

the principal axis of the planar ring and the X-H vector of the donor group.15 The

two main geometries suggested for the XH� � � p interaction are presented in Figure

1.2. If the interaction arises from electronic orbital overlap, the favoured con�gura-

tion would see the hydrogen atom of the donating X group interacting directly with

the carbon atoms (Figure 1.2 right), centre of the formal charge. However, if the hy-

drogen atom interacts with a bonding orbital, the X-H vector would consequently

point directly to the ring centroid (Figure 1.2 left). The latter case can be seen

as a dipole-quadrupole interaction from purely electrostatic considerations, and it

has been previously seen both in solid and solution phases.12,16Electrostatic attrac-

tion has been recognised to provide a greater contribution to the OH/p, NH/p, and

cation/p interactions, whereas orbital-orbital and/or dispersion interactions are pre-

dominant in CH/p and SH/p-bondings, where the electrostatic component is much

less.17–19 When looking at the benzene-hydrocarbon complexes such as benzene-

methane, although dispersion interaction is mainly responsible for the attraction

between the two molecules, this would be expected to be non-directional. Yet the

methane CH preferentially points toward the centre of the benzene ring. This effect

is controlled by weak, but highly orientation-dependent electrostatic interaction.20

Understanding the differences between the two con�gurations, and which is more

likely to form in solution and why, will give critical information about the nature of

the interaction, and about the role played by XH� � � p in the presence of competitive

inter-molecular interactions and internal geometrical constraints.



1.1. Weak Interactions in Condensed Matter 34

Figure 1.2: Two of the main possible interac-
tions between an X–H group and an aromatic
ring. The possible con�gurations depend on a
series of factors and change to system to sys-
tem.4

Figure 1.3: Two of the main possible inter-
actions between an X–H group and an C=C
double bond.4

While numerous studies have experimentally proved the existence of hydrogen

bonding to aromatics, these interactions are less common and weaker in the case of

alkyne/alkenes.14,21–23Hydrogen bonding involving carbon double and triple bonds

has been shown to exist and, like aromatics, thesep system can participate in coop-

erative effects, as seen in the case of 2-ethynyladamantan-2-ol, where the OH group

interacts at very close distances with the middle of a carbon triple bond.24 More

recently, experimental studies showed that alkenes form hydrogen bonds with an

OH group, and that the latter sits perpendicularly to the plane of the double bond

pointing at the midpoint (Figure 1.3 left).25–27

In summary, the debate on the nature of XH� � � p interaction remains unre-

solved no doubt because of the complexity of factors that contribute to the struc-

ture. This hydrogen bonding interaction is energetically weaker (ca. 11 kJ/mol

in benzene-methanol15) than strong inter-molecular interactions, such as conven-

tional hydrogen bonding, and its geometry can easily be distorted depending on the

molecular environment.15 At the same time, the strength of these interactions can

be enhanced by the presence of electron donating/withdrawing groups, internal con-

straints dictated by molecular geometry, and cooperative effects (1.1.4), and they all

play an important role in stabilising macromolecular complexes both in crystals and

in solution.13,15,24,28–30
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1.1.2 Van der Waals Forces: Keesom, Debye and London Dis-

persion Forces

The molecular dipolem, or chemical polarity, is the separation of electric charge

within a molecule. The molecular dipole is a vector, and it is de�ned as

m[D] =
N

å
i= 0

qir i (1.1)

whereN is the total number of atoms in the molecule,qi is the atomic charge of

atomi andr i is its position.31

The magnitude and the direction of the molecular dipole affect the interactions

between two molecules. Molecules can have apermanentdipole when the con-

stituent atoms have substantially different electronegativity (e.g. amides, DMSO,

methanol);instantaneousdipole, when the electron cloud in monoatomic molecules

is temporarily concentrated in one place; andinduceddipole, when the electronic

cloud of anapolar molecule (e.g. hydrocarbons) reorganises due the electrostatic

repulsion from, for example, the presence of an ion or a permanent dipole.

Two permanent dipoles attract each other head-to-tail via the so-called Keesom

forces. Dipole-dipole interactions between two permanent dipoles are weak and

often they do not occur if stronger competitive interactions are present.

Permanent dipoles can induce a dipole in neutral molecules and the arising

interaction is called Debye force. The more polarisable the apolar molecule, the

stronger the induced dipole - permanent dipole interaction will be. An induced

dipole can also arise from the close contact between a positive or negative ion and

a neutral molecule. This ion-(induced) dipole interaction is similar to dipole-dipole

but it is energetically stronger, and plays an important role in the stability of ions in

solution.

London dispersion forces (also referred to as dispersion interactions) are

among the weakest inter-molecular interactions, so that detecting them using tra-

ditional experimental techniques is a real challenge. London dispersion forces

arise from the interaction between the instantaneous dipole generated from a tran-
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sient electron �uctuation and the dipole induced by this �uctuation in an adjacent

molecule.

It is worth noting that although these forces are individually weak, they are

additive and act unitedly to add up to signi�cant effects, such as the growing trends

in boiling temperatures for alkanes as a function of the number of carbon atoms.31

1.1.3 p � p Interactions

p � p interactions are a type of dispersion force occurring betweenp systems, such

as aromatics. Benzene, for example, can assume four different relative con�gura-

tions, presented in Figure 1.4. These species are attracted via dispersion forces,

however electrostatic repulsion between the twop clouds arises at short distances.

Although commonly observed in hydrogels and macromolecules for example, the

sandwich con�guration is the least likely when the two systems aren't affected by

geometric constraints.32–34In the liquid state, benzene-benzene interaction is better

represented by the Y con�guration, which consists of a CH interacting directly with

the centroid of the benzene ring, contrarily to the T-shaped con�guration where the

CH group interacts simultaneously with opposite carbons on the aromatic ring.35

Carbon nanomaterials, such as fullerene, single walled carbon nanotubes

(SWCNTs) and graphene, are large conjugatedp systems. Their supra-molecular

arrangement will be driven by van der Waals forces, responsible of the bundling

of the single species together. In order to obtain stable, individualised nanomate-

rial, which is necessary to exploit their exceptional opto-electronic properties, the

liquid phase allows dispersion and dissolution by introducing competitive interac-

tions, such as dipole-dipole, surface potential and dipole-ion, that can attenuate the

van der Waals attractive forces. The balance among these interactions will affect

nanomaterial stability, and it is discussed further in Section 1.3.

The Effects of Substituents

The substitution of an aromatic ring with a group X (Figure 1.5) can be electron do-

nating or withdrawing, relative to the effect that the substituent has on the aromatic

ring charge distribution. Examples of electron donating groups are hydroxyl and
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Figure 1.4: Possible relative orientations between two aromatic systems.

amino groups (X = OH, NH2), where the lone pairs on both oxygen and nitrogen

are in a resonance structure with the aromatic ring. Electron withdrawing groups

include halogens and nitro groups (X = NO2 ). Desiraju refers to phenyl groups

by far the most importantp acceptors, as the XH top interaction is strongly in�u-

enced by substituents.4 In addition, not only the presence of substituents, but also

the relative position of two or more functional groups effects the electron density

distribution of the aromatic. Reading Figure 1.5 from a generic substituent X clock-

wise, the relative positions between two or more functional groups are de�ned as

ortho (orange), meta (green) and para (blue) positions.

Figure 1.5: Substitution of an aromatic ring
with a group X and relative positions to the
substituent: ortho, meta and para positions.

1.1.4 Cooperativity

Cooperativity is the strengthening (or weakening for anti-cooperative bonding) of

inter-molecular interactions due to the presence of an already existing bond. The

cooperative mechanism implies that the sum of at least two interactions is larger

than the simple addition of the individual interactions.36 Cooperativity has been in-
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troduced originally for water, where it was observed that the formation of hydrogen

bonds is predominantly a cooperative phenomenon. Hence, when one bond forms,

many will form, and when one bond breaks, then, typically, a whole cluster will

break.36,37Cooperativity is typically attributed in large measure to the polarization

induced by the presence of its hydrogen-bonding partner and therefore dependent

on the strength of the hydrogen bond. However, the CH� � � O bonds in hydrogen

bonded chains of formyl �uoride (HFCO) for example were shown to display a

disproportionately high degree of cooperativity, which explains the role of weak

interactions in stabilising supra-molecular complexes.36

1.2 Experimental and Computational Methods to

Probe and Model Weakly Interacting Systems

The aim of this section is to present the traditional experimental and computational

techniques for studying weak interactions. These include spectroscopic techniques,

diffraction techniques and computational methods, both classical and not.

1.2.1 Spectroscopic Techniques

The properties of materials can be deduced from their interaction with different

sources of radiation (photons, neutrons, electrons). In particular, the frequency of

the incident probe (Figure 1.6) determines the type of information that can be ob-

tained.

Figure 1.6: Frequencies of light and relative dimensions. Redrawn from Ref.38.
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Infra Red Absorption Spectroscopy (IR)

IR spectroscopy is a type of vibrational spectroscopy which consists of a photon

probe of frequency in the range of the infrared (Figure 1.6), that gets absorbed in

resonance with the vibrational frequency of molecular bonds. Molecules absorb

at frequencies that are characteristic of their structure. These absorptions occur

at resonant frequencies, i.e. the frequency of the absorbed radiation matches the

vibrational frequency. Changes in the frequencies of molecular bond vibrations

give information about the presence of bonding motifs and their respective bonding

energies. However, infrared spectroscopy provides few direct insights into inter-

molecular structure and local atomic arrangements beyond the single bond.

Hence infrared spectroscopy is governed by selection rules associated with the

symmetry of the speci�c vibration. The intensity of the absorption (also known as

oscillator strength) is proportional to the magnitude of the dipole moment change

associated with the particular vibrations.31 The result is that only the vibrational

modes associated with

� dm
d r

�

req
6= 0 (1.2)

Dv = DJ = + 1 (1.3)

wheremis the molecular dipole de�ned in 1.1,r is the distance between two charged

sites,v is the vibrational energy level andJ is the total angular momentum, are

visible in IR spectroscopy.

Some vibrational modes can be simultaneously IR and Raman active, but in

general selection rules for the two techniques are different. For example, centrosym-

metric molecules, such as H2 and ethene (CH2 = CH2) are IR inactive due to their

electronic symmetry, and therefore the two methods are complementary.39,40

Raman Spectroscopy

Raman spectroscopy is an inelastic scattering technique in which a photon is scat-

tered by the electron cloud. It is typically described in terms of an electronic tran-
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sition from the ground state to a virtual state and back to a vibrationally different

level of the ground state. Depending on whether the level is higher or lower than

the starting level the transition is described as Stokes (Dv = + 1) or anti-Stokes

(Dv = � 1).41 It is commonly used to determine vibrational, but also rotational,

molecular modes. Typically Raman spectroscopy refers to vibrational Raman, but

there are several variations including surface-enhanced, where the Raman signal

is enhance by a resonant substrate, resonance (the �nal electronic state is not vir-

tual but it exists in the material), tip-enhanced, polarized, stimulated, transmission,

spatially-offset, and hyper Raman.42

Optical Absorption Spectroscopy

Optical spectroscopy is an absorption technique that sheds light on the electronic

structure of a material through both the energy of the absorption and by the inten-

sity/oscillator strength of the transition which are governed by quantum selection

rules. Because molecular vibrations can modify the selection rules, in certain cases

optical spectroscopy can give important information about the symmetry and the

vibrations of a particular molecule. It is an inexpensive technique whose only re-

quirement is for the material to be a chromophore (i.e. absorbent in that region).

Inelastic Neutron Scattering (INS)

Similarly to Raman spectroscopy, INS is a scattering technique used to investigate

the vibrational modes of molecular bonds. When neutrons interact with nuclei, the

neutron exchange with the material the necessary energy to make a bond vibrate.

In INS, the energy vibrations can be determined by measuring the difference in

energy of the scattered neutron before and after the scattering event. Unlike photons,

neutrons do not have selection rules and therefore they can see many more modes

than IR and Raman (Figure 1.7), however it requires access to high energy facilities

and very low temperatures (due to thermal vibrations).
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Figure 1.7: Comparison between INS, IR and Raman spectra for LiBH4 (left, from43)
and on surface states present during CO2 methanation on a Ni-catalyst (right, from44) to
highlight the spectral differences between the three techniques. Image reproduced from45.

Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance is a physical phenomenon in which nuclei in a strong

constant magnetic �eld are perturbed by a weak oscillating magnetic �eld and

respond with a spin oscillation characteristic of the speci�c nucleus (resonance).

NMR is a very powerful tool for studying intra and inter-molecular interactions in

the liquid and solid states and can provide evidence of hydrogen bonding, while also

being very sensitive to steric and electronic effects. However, while solid state sys-

tems and intra-molecular hydrogen bonding are geometrically constrained, drawing

meaningful conclusions on the structure of liquid systems using NMR is challeng-

ing and spectroscopic measurements are often (if not always) supported byab initio

calculations.46–49

Microwave Spectroscopy (MW)

Rotational spectroscopy (to distinguish from rotational-vibrational spectroscopies

such as Raman) measures the energies of transitions between quantised rotational

states of molecules in the gas phase. Rotational spectroscopy has primarily been

used to investigate fundamental aspects of molecular physics as it is a uniquely pre-

cise tool for the determination of molecular structure in gas. Note that in the liquid
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and solid states molecules do not rotate freely due to inter-molecular interactions.

1.2.2 Electron, X-ray and Neutron Diffraction

The principal experimental techniques to investigate the structure of condensed and

soft matter are electron, X-ray and neutron diffraction. These scattering techniques

are characterised by elastic collisions between the probe and the material.

Electron diffraction is commonly used in structural chemistry to characterise

the structure of single molecules in the gas phase, in absence of inter-molecular

forces that can distort their geometry. However, due to their charge nature, elec-

trons do not penetrate into condensed matter, so that the interaction is con�ned to

the surface, i.e. of the order of few hundred angstroms. Although electron diffrac-

tion would not be suitable for bulk studies, it is powerful tool for the study of thin

�lms and �lm/substrate interfaces. Moreover, electron diffraction does not allow a

�exible sample environment as measurements are done in high-vacuum.

More common for the study of the structure of soft matter are X-ray and neu-

tron diffraction. X-rays interact with the atomic electrons, and the X-ray scattering

cross section (or form factor) increases withZ, the atomic number. By contrast, neu-

trons interact directly with the atomic nuclei (with signi�cant differences between

isotopes of the same element), allowing the study of light elements, including hy-

drogens. The position of the hydrogens is critical for characterising hydrogen bonds

in solids and liquids as it reveals unambiguously the directionality of the bonding

motif. Neutron diffraction is therefore a benchmark for hydrogen bonding studies

as the inter-molecular distances between two hydrogen bonded sites can be deter-

mined. However this is still a simpli�cation.4 X-rays and neutrons therefore offer

contrasting but complementary pictures of bonds involving hydrogen, X-rays em-

phasizing the distribution of the electrons, while neutrons establish the nuclear po-

sitions more precisely. For this reason the use of both in tandem provides powerful

tools for the study of condensed matter, both “hard” and soft.
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1.2.3 Computational Methods

Computational methods are often used in combination with the experimental tech-

niques listed above in order to support the experimental data and paint a picture

of the structural arrangement of the system studied. Monte Carlo/Reverse Monte

Carlo simulations are often used for reproducing structural information, such as

partial distribution functions, whileab initio methods are often used to reproduce

molecular vibrations and rotation in support of spectroscopic techniques (very re-

cently including X-ray photoelectron spectroscopy).50–64

Monte Carlo and Reverse Monte Carlo

Monte Carlo methods are computational algorithms which rely on random sampling

to solve numerically probabilistic problems. Such methods are often implemented

to evaluate the structure of liquids and disordered materials. When direct sampling

is dif�cult, a probabilistic approach can be used (Metropolis-Hastings algorithm),

in which the function does not need to be equal to the probability density, but just

proportionate, making the sampling more �exible.65–67

The Reverse Monte Carlo modelling method is a variation of the standard

Metropolis–Hastings algorithm whereby a model is adjusted until its parameters

have the greatest agreement with experimental data (often pair distribution func-

tions from scattering data, see 2.1.6.1). An initial con�guration is constructed by

placing a number of atoms in a periodic boundary cell, and one or more measur-

able quantities are calculated based on the current con�guration. The alorithm then

changes the con�guration iteratively to reach a progressively better match with the

experimental data. The agreement with the experimental data is quanti�ed using a

chi-squared function.

Reverse Monte Carlo methods allow the modelling of complex disordered

systems, dif�culties can arise because of some notable limitations. For example,

qualitatively different models will give similar agreement with experimental data,

without additional constraints the method will typically have more variables than

observables, making impossible to �nd a unique solution. In addition, the results
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obtained may also contain artifacts arisen from attempting to �t noise in the data.

It is therefore essential to use other tools to identify constraints both to reduce the

computational expense but also to exclude as many potential false minima from the

beginning.58

Classical Molecular Dynamics

Molecular dynamics methods exploit classical inter-atomic potentials and Newton's

equations of motion to derive the trajectories of a system of interacting particles

for a given time.67 Classical MD allows the study of complex molecular systems

consisting of thousands of molecules on a time-scale of nanoseconds (10� 9s).

Inter-Molecular Potentials and Force Fields

Classical methods, such as Monte Carlo and molecular dynamics, exploit force

�elds to model the inter-atomic interactions. A force �eld is the combination of

a functional form and parameter sets and it is used to calculate the potential energy

of a system of atoms, or coarse-grained particles, in molecular mechanics, molec-

ular dynamics, or Monte Carlo simulations. The most common force �elds used

in soft matter are AMBER (Assisted Model Building and Energy Re�nement),68

widely used for proteins and DNA, OPLS (Optimized Potential for Liquid Simula-

tions) and its variants for the simulation of liquid systems,69 CHARMM (Chemistry

at HARvard Molecular Mechanics),70, TraPPE (Transferable Potentials for Phase

Equilibria).71 Often, the functional form of a force �eld used to reproduce inter-

molecular interactions is a Lennard-Jones 12-6 (e.g. OPLS, TraPPE, AMBER),

but other potentials such as Lennard-Jones 9-6, and Buckingham can be used.72–75

The Lennard-Jones potential is a combination of a attractive term that reproduces

London dispersion forces (� � 1
r6 ), plus an empirical, repulsive term (� 1

r12) that ac-

counts for the impenetrability of atomic nuclei, i.e. two atoms cannot interpenetrate

each other:

Uab (r i j ) = 4eab

h� sab

r i j

� 12
�

� sab

r i j

� 6i
(1.4)
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Figure 1.8: Lennard-Jones potential energy curveV as a function of the two sites relative
distancer. The s is the distance at which the potential energy is zero, while there is a
minimum atrmin = 21=6s whereV = � e. Reproduced from76.

Figure 1.9: Buckingham potential shape as a function of the distance between two sites,
with the addition of a Coulombic term (blue) and without (red). Reproduced from77.

where thes is the size of the atom, thee represents the width of the potential

well, andr is the relative distance between the two interacting atomic species.75

The Buckingham potential (Figure 1.9) is a simpli�ed version of the Lennard-
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Jones and includes a repulsive exponential term, and an attractive term of the form

� � 1
r6 similarly to the Lennard-Jones:

F 12 = Ae� Br +
C
r6 (1.5)

where A,B and C are constants, andr is the distance between sites.72 However,

the divergence at lowr may cause problems to reproduce interactions at shorter

inter-molecular distances. Both Lennard-Jones and Buckingham potentials can in-

corporate a coulombic term to take into account electrostatic attraction/repulsion of

the form

+
qa qb

4pe0r i j
(1.6)

whereqa ;b are the partial atomic charges,r i; j their relative distance ande0 the

vaccum permettivity.

Density Functional Theory (DFT) andab initio Methods.

DFT is a computational quantum mechanical method used to model the electron

density of molecules, in the gas and condensed states.78–82 DFT is able to predict

accurately bonding vibrational and rotational energies and therefore it is used for

�tting spectroscopic data.Ab initio calculations, which means 'from the begin-

ning', are DFT calculations in which the only input are the physical constants.83

Trajectories fromab initio molecular dynamics can be used to determine the local

arrangement of molecules, however, the systems studied are much smaller (hun-

dreds of molecules) and the timescales much shorter (picoseconds 10� 12s ) than in

classical molecular dynamics.

1.3 Competitive Interactions behind the Dissolution

of Nanomaterials

Colloids are mixtures in which an insoluble microscopic particle is dispersed in a

medium. Their stability in solution is at the base of substances in everyday life, such

as milk, paint, blood, ceramics and many more. On a fundamental level, colloidal
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dispersions can be treated as heterogeneous �uids, and the particles can be solid,

liquid or gas with size of the scale of micrometer or nanometer. When the colloid

contains a nanometer-sized particle, problems arise in modelling the particle/liquid

interactions as the particles approach the size of the solvent.

The interest in studying nanomaterials lies in the ability of these species of

forming stable dispersions in common polar aprotic solvents and, when charged,

thermodynamically stable solutions. Nanomaterial solutions allow full monodisper-

sion of these species in the liquid, so that their extraordinary optoelectronic prop-

erties, which make them the ideal candidate for applications as supercapacitors and

energy devices, can be fully exploited.

The most common theoretical approach to understanding the dispersion of

nanomaterials in solution is the Derjaguin-Landau-Vervey-Overbeek (DLVO) the-

ory which attributes the monodispersion of colloids in solution to the balance be-

tween an attractive van der Waals dispersive interaction and electrostatic repulsive

interactions arising from the creation of an electric double layer. The electric double

layer consists of two adjacent layers of opposite charge, generated by the reorgani-

sation of the medium around a charged surface. The molecular mechanisms behind

the creation of the double layer are presented in the next section.

1.3.1 Mechanisms Behind Colloid Dispersion: DLVO Theory

When an electronic conductor (electrode) is brought in contact with a liquid ionic

conductor (electrolyte), an interface between the two phases appears. The inter-

action between ions and the surface might lead to the adsorption of some of them

onto the surface, resulting in a net (positive or negative) surface charge. Note that

the surface can also be intrinsically charged before the immersion in the medium.

The reorganisation of the liquid, the co-ions and the counterions at this charge sur-

face creates the so-calledelectric double layer. The total potential will be a sum of

multiple independent repulsive and attractive components:

V(r) = Vel(r) + VvdW(r) + V
0
(r) (1.7)
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wherer is the centre-centre distance between the particles,Vel is the electrostatic

potential,VvdW is the van der Waals potential andV
0
are other interactions.

The potential between two particles in solution as a combination of dispersive

and electrostatic forces modelled via the DLVO theory is presented in Figure 1.10

as a function of the separation distance. At very short distances an energy trap

will cause particle coagulation, while at higher distances an energy barrier will de-

termine the stability of the dispersed system. In the limit of high separation, the

energy reaches a plateau.

When two charged particles approach each other in an electrolyte solution the

respective electric double layers overlap. The DLVO theory quanti�es the interac-

tion potential treating the electrostatic partVel(r) in the limit of low surface potential

in the mean �eld approximation. Interestingly, in the case of high surface potential

and low electrolyte concentration, the DLVO theory predicts that colloids in solu-

tions are stable if the maximum potentialVmax � kbT as shown in Figure 1.10. It

is worth noting that the shape of this potential will depend on the particle geome-

try.84 The dispersive interactionVvdW is calculated exploiting the additivity of van

der Waals interactions: the interaction energy between two particles is the sum of

the interaction energies for all molecular pairs.

1.3.1.1 Electric Double Layer

The presence of a charged surface in solution causes a rapid reorganisation of all

the components which can be modelled via the theory of the electric double layer.

The area around the charged surface (negative in this case) can be divided in three

parts as a function of the distance (Figure 1.11). The �rst layer is the Stern layer

of positive counterions attracted by Coulombic interaction to the negative surface.

Here, the counterions can be bare and directly interacting with the surface due to

a strong orientation of the solvent toward the surface (BDM theory) or solvated

constituting a layer of absorbed ions (Grahame theory). Outside the Stern layer,

the diffuse layer contains all those ions attracted by the surface and repelled by the

Stern layer while at longer distances the liquid assumes its bulk properties. The

Stern theory combines the Helmholtz and the Gouy-Chapman models considering
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Figure 1.10: DLVO potential as the combination of an attractive van der Waals and an
repulsive electrostatic contribution.

Figure 1.11: Electric double layer where the negative surface is a negatively charged carbon
nanotube (middle) surrounded by sodium counterions. The �rst layer of counterions forms
the Stern layer (blue region), where the surface potential decreases linearly as a function
of the distance (blue line); the second layer is the diffuse layer (green region), where the
surface potential starts decreasing exponentially (black line), for then reaching a plateau
in the bulk (orange region). The potential at the interface between the Stern layer and the
diffuse layer is calledz potential (green dot).
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the presence of both a layer of counterions and a diffuse layer, and it treats ions

like point charges interacting solely via Coulombic interactions. The double layer

forms to neutralise the charge of the colloid and an electrokinetic potential between

the surface and any point of the liquid arises. This voltage of the order of millivolts

(mV) is thesurface potentialand depends on the thickness of the double layer and

the surface charge. The shape of the surface potential is shown in Figure 1.11: it

decreases almost linearly between the surface and the boundary between the Stern

and the diffuse layer. The electrical potential at this junction is calledZeta potential

(z ).

The maximum distance at which one molecule can feel the in�uence of a

charged surface is given by the Debye length, which arises naturally from a thermo-

dynamic description of the system. If we consider a system of N species of charge

qi and concentrationni(r) at position r, the distribution of charge gives rise to an

electric potential (see equation 1.7)Vel(r) that satis�es the Poisson equation84,85:

eÑ2Vel(r) = �
N

å
i= 1

qini(r) � r ext(r) (1.8)

wheree � e0 er is the electric constant, andr ext(r ) is the charge density external

to the medium. The concentration of the ith particle in the medium is given by the

Boltzmann distribution:

ni(r) = n0
i e� qi f (r)

kBT (1.9)

wheren0
i is the mean concentration of species ith. Substituting equation 1.9 into

1.8, we obtain:

eÑ2Vel(r) = �
N

å
i= 1

qin0
i e�

qiVel(r)
kBT � r ext(r) � �

N

å
i= 1

qin0
i

�
1�

qiVel(r)
kBT

�
� r ext(r):

(1.10)

For electrically neutral systems, the sum over the chargesqi is zero. Dividing both

sides bye

Ñ2Vel(r) =
N

å
i= 1

� n0
i q2

i Vel (r)
ekBT

�
�

r ext(r)
e

: (1.11)

The �rst term on the right hand side has the dimensions of an inverse length squared.
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We can then de�ne the Debye-Hückel length as

l D =

 
ekBT

å N
i= 1n0

i q2
i

! 1
2

: (1.12)

An external point charger ext(r) = Qd(r) will produce a potentialVel(r)

Vel(r) =
Q

4per
e� r=l D: (1.13)

A charge in a dielectric medium is screened by the dielectric exponentially over

a distance of the Debye length. In general this is what constitutes the screening

effect.85

1.3.2 Dispersion and Dissolution of Carbon Nanomaterials

In order to exploit the promising properties of carbon nanomaterials they need to be

fully individualised, i.e. the nanomaterial bundles need to be separated into single,

individual species. Some of the methods used to achieve nanomaterial dispersion

is to separate them via sonication/shear mixing and to stabilise them to avoid reag-

gregation. The latter is typically done via three routes: surfactants, dispersion in

solvents (e.g. NMP86) and functionalisation. However, while nanotube dispersions

are kinetically stable, i.e. the system is in a local (but not absolute) energy min-

imum, the only way to have thermodynamically stable solutions is to charge the

nanospecies through acidi�cation, electronic oxydation or reduction.87–90

1.3.2.1 Reduction of Carbon Nanomaterials

Fully monodispersed nanomaterial in solution can be obtained in a non-damaging

way by charging them. The charging mechanism can be obtained by intercala-

tion, electrochemically or via metal ammonia reduction.88,89These charged species

are more soluble than their neutral counterpart so that their concentration in so-

lution can be increased.90 Metal ammonia reduction can be summarised in three

steps (Figure 1.12 ). When an alkali metal is dissolved in liquid ammonia, solvated

electrons can be transferred to the carbon nanotubes without any secondary charge

transfer agent. Once the nanotubes accept the solvated electrons, they become neg-
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Figure 1.12: The metal ammonia reduction in three steps: 1) the carbon nanotubes bundle
reacts with sodium metal and liquid ammonia; 2) the highly reducing solution of metal
(in this case sodium metal) and ammonia reduce the carbon nanotube leaving in solution
negatively charged carbon nanotubes (nanotubide) and sodium counterions; 3) the ammonia
is evaporated leaving a dry nanotubide salt which is now soluble in most polar aprotic
solvents such as DMF, DMAc, NMP.

atively charged and electrostatic repulsion make them repel each other, obtaining

dissolved, individualised negatively charged carbon nanotubes in liquid ammonia.

Ammonia can then be evaporated obtaining ananotubide saltsoluble in most po-

lar aprotic solvents such as dimethyl sulfoxide (DMSO), sulfolane,90 dimethylfor-

mamide (DMF),89 dimethylacetamide (DMAc),91 N-Methyl-2-pyrrolidone (NMP)

(in which uncharged species are also dispersed92).

1.3.3 Applying the DLVO theory to Carbon Nanotubes: The

Oosawa-Manning (OM) Model

In the Oosawa-Manning model carbon nanotubes are modelled as polyelectrolytes,

whose behaviour in polar solvents is similar to either electrolytes (salt) and poly-

mers.90,93 When a polyelectrolyte is put in a polar solvent, it dissociates into a

polyion and solvated counterions. To decrease electrostatic repulsion, counterions

from the electrolyte condense into the Stern layer until the distances between un-

screened charges is comparable in magnitude to the thermal energy scale. The dis-

tance at which this occurs is called Bjerrum length, after the danish chemist Niels

Bjerrum:

l B =
e2

4pe0erkBT
(1.14)
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wheree is the elementary charge,e0;r are respectively the vacuum and the relative

permittivities,kB is the Boltzmann constant andT is the absolute temperature. How-

ever, when treating carbon nanotubes as polyelectrolytes, it is worth remembering

that the charge on a carbon nanotube is delocalised over thep system and not over

a speci�c group (as for polyelectrolytes), so the counterions can equally distribute

at any location alongside the surface.

1.3.4 Theoretical Limitations and Mechanisms Behind Dissolu-

tion

1.3.4.1 Limitations

There are several limitations in the description of carbon nanotubes as polyelec-

trolytes and in the application of the DLVO theory to nanomaterials.

• Although being the most up-to-date theoretical model for describing these

species, polyelectrolytes are characterised by localised charges on the sur-

face, while nanotubes are delocalisedp systems where excess of charge gets

redistributed. Moreover, polyelectrolytes are intrinsically �exible, while nan-

otubes are stiff, and therefore some theoretical efforts are needed to re-adapt

the theory.

• In the electric double layer, the charged surface is assumed to be in�nitely

long (depending on the geometry of the surface), so that solvents and coun-

terions become in�nitely small in comparison. However, nanomaterials are

not in�nitely large and therefore their �nite, nanoscaled size is comparable

to the size of the solvent molecules, which cannot be approximated to points

or dielectric continua. The approximation of the solvent to a dielectric is an

over-simpli�cation as, �rstly, it fails to reproduce local anisotropies in the

charge distribution caused by reorganisation and polarization of molecules,

and secondly, does not account for the volume contribution of bulky solvents.

• Charging nanomaterials notably increases their solubility in common polar

aprotic solvents (see 1.12), so one might think that the higher the charge on
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Figure 1.13: Solubility of negatively charged SWCNTs as a function of the charge. Repro-
duced from Voiryet al.93 (left), Clancyet al.91(right)

the tube (i.e. ion-carbon atomic ratio) the higher the solubility. Nanocarbon

reduction does improve solubility when compared to their uncharged coun-

terpart, however the process does not allow a continuous increase of charge,

leading to agglomeration and precipitation. In Figure 1.13 the carbon-to-

metal ratio (potassium left93, sodium right91) is plotted against the solu-

bility/concentration. Solubility dramatically decreases as a function of the

charge. An intermediate carbon-charge ratio is therefore essential for max-

imising the solubility of these compounds and to avoid the process of 'salting-

out' (re-agglomeration and precipitation). From the studies of Clancyet al

and Voiryet alwe see that an ideal ratio is between 4 and 12 carbon atom per

metal ion.91,93–95The process of "salting-out" is thought to be driven by coun-

terions and therefore their concentration is the controlling parameter.93,95

• If the physical process of dissolution is driven by the entropic con-

tribution of the ion solvation as concluded by Voiry and co-workers,

solubility should increase as a function of the increasing temperature

(DGmix = DHmix � TDSmix), while experimental evidence from our group

shows nanotubide precipitation.93

1.3.4.2 Background Literature

Previous studies on nanomaterial dispersions and solutions exploited scattering

techniques such as X-ray and neutrons to understand the effects on the solvent of
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the presence of nanosized objects.

The �rst work of this kind is a X-ray diffraction study of gold nanoparticles

dispersion in alcohol and n-hexane, in which the restructuring of the solvent has

been obtained via Fourier Transformation of subtracted diffraction data.96

Milner et al. studied via small angle neutron scattering the effect of the pres-

ence of graphene (treated as disks) on the structure of the THF, providing infor-

mation on the dimension of the graphene platelets but without giving a molecular

picture of the solvent.97

Cn�
60 fulleride sodium and potassium salt has been studied in liquid ammonia

solutions using neutron diffraction and computer simulations. While considered a

nanomaterial, the average diameter of C60 is around 0.7 nm and one can argue that

fullerene is closer to a molecule than to a nanomaterial, as nanomaterials can often

reach dimensions up to millimiters.98,99

Carbon nanotubes dispersion has been studied molecular dynamics simulations

of the carbon nanotube-NMP-NaI dispersion. They give a detailed and complete

picture of the solvent-solvent, solvent-ions, ion-surface and solvent-surface inter-

actions, however it does not provide any insights about the dissolution process as

these dispersions are not thermodynamically stable.100

1.3.5 Summary

While nanomaterial dispersion and dissolution are critical to fully exploit the excep-

tional properties of these objects, colloidal systems are very complex and present

a number of experimental and theoretical challenges, �rstly their poor solubility

in the most common solvents. Understanding the molecular mechanism behind

the spontaneous dissolution of nanomaterials is the ambitious idea behind the neu-

tron diffraction study of negatively charged nanomaterials in liquid amides (NMP,

DMAc and DMF) of Chapter 5.

1.4 Thesis Structure

It is common studying smaller, fundamental systems to disentangle the inter-

molecular motifs of interest as a tool for learning about macro-molecular com-
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plexes. This project aims to understand the role of the inter-molecular inter-

actions at the base of fundamental processes exploiting simple systems, such

as aromatics (benzene (C6H6), phenol (C6H5OH), aniline (C6H5NH2) and p-

nitrophenol(C6H5NO2) in interaction with an OH hydrogen bonding donor. These

liquid systems provide unique insights about O-H� � � p interactions in the liquid

state, and the opportunity to give a closer look to the microscopical arrangements

behind solubility. Otherp acceptors play important roles in the stabilisation of

supra-molecular complexes, but alkyne/alkene hydrogen bonding has been often

overlooked with the result that not much is known about the ability of these sys-

tems of hydrogen bonding, and more importantly, on the geometrical and molecular

conditions for their existence. The same competitive interactions behind molecu-

lar solubility are critical for the dissolution of nanosized objects, This thesis work

includes six main chapters and it can be summarised as follow.

• chapter 1 includes a general introduction to the �eld. In particular it focuses

on the weak inter-molecular interactions that we can traditionally encounter

in condensed and soft matter, and then it gives a summary of the methods

used to probe such interactions. Experimental methods include diffraction

(i.e. electron, X-rays and neutron diffraction) while computational method

include Monte Carlo, Reverse Monte Carlo andab initio Molecular Dynamics

simulations.

• chapter 2 The second chapter is dedicated to the method used to carry out

the research, with particular focus on the main theory at the base of neutron

(and X-ray) scattering. This includes neutron scattering theory, the Empir-

ical Potential Structure Re�nement (EPSR) method, neutron scattering data

correction and visualisation.

• chapter 3 contains the most extensive set of results. Section 3.2 presents

the work on the archetypal system for studying O–H� � � p interactions: di-

luted solutions of benzene in methanol. Subsequently in section 3.3 the study

extends from arenes to alkenes, and it gives unique information about O–
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H� � � p contacts where thep is a C=C double bond. Finally, in section 3.4

the hydration of substituted benzenes is discussed. The results presented in

section 3.4 exploit the higher solubility of substituted benzenes to understand

water-aromatics interactions viaDissolvesimulations, the next generation po-

tential re�nement software for the interpretation of total neutron scattering

data.101,102

• chapter 4 introduces the weak interactions in liquid amides (dimethylfor-

mamide DMF and dimethylacetamide DMAc), determining their bulk struc-

ture in bulk and in equimolar mixtures with dimethyl sulfoxide (DMSO).

• chapter 5 aims to understand the molecular organisation of liquid amides at

the interface of negatively charged single walled carbon nanotubes (SWC-

NTs).

• chapter 6 provides some key conclusions about this work including challenges

and developments.



Chapter 2

Theory and Method

In his chapter, the method used to carry out this thesis work is introduced. In the

�rst section (2.1) the main theory behind a diffraction experiment is presented, with

particular attention in linking the theoretical expressions found at the end of the sec-

tion to the experimental observables (section 2). Section 3 introduces the principal

instrumentation while section 4 and 5 focus on data correction and interpretation.

2.1 Neutron Scattering Theory

When neutrons interact with matter they can be absorbed, transmitted or scat-

tered. We can divide scattered neutrons into two categories: elastically scattered or

diffracted, when the neutron's initial and �nal energy is conserved; and inelastically

scattered, when the neutron loses or gains energy in the scattering process. Under

the assumption of our experiment, only the single and elastic scattering events are

considered. Lets start from the begininning, considering the interaction of the neu-

tron white beam with a single, �xed nucleus for then extending the derivation to a

multicomponent system.

2.1.1 Scattering from a Single Fixed Nucleus

In this section the theory behind the scattering between a neutron and a �xed nucleus

is brie�y presented and it has been readapted from Ref.40,103,104. The aim of this

section is to introduce theoretically thescattering lengthb, which is, as we will see

later, one of the most important parameters to take into account when planning a

neutron experiment.
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An incident neutron beam of wave vectorki travels toward a single, �xed nu-

cleus. The associated wave function at a pointr can be written as

Y inc (r;t) = ei (wt� ki �r) (2.1)

wherew is the angular frequency,r is the position andki is the wave vector. In

the case of isotropic, elastic scattering, a nucleus will scatter producing a spherical

wave. In a point is space far from the nucleus itself, i.e.1
jr j �! 1

r , so that the

spherical wave produced will be

Y scat(r) = �
f
r

ei (wt� k f �r) = �
f
r

ei (wt� kf r) (2.2)

wheref is the scattering amplitude withk f andr in the same direction. The

negative sign in eqn 2.2 is arbitrary, and it will be clari�ed later.

Let now determine the quantityf : its squaref f � describes the probability that

an initial plane wave (with unitary amplitude) will be scattered in the directionr.

Let us consider the time independent Schrödinger equation

�
�

h̄2

2m
Ñ2 + V(r)

�
Y (r) = E Y(r) (2.3)

where

V(r) =
2ph̄2

m
bd(r): (2.4)

V(r) is theFermi Pseudopotential: it describes the interactions between neutrons

and nuclei; since the nuclear interaction is signi�cant only at very short range

(10� 14m), small compared with the neutron wavelength (� 10� 10 m), neutrons see

the nuclei as points andV(r ) can be written as a product of a delta function and a

constantb. A stationary solution like

Y(r;t) = ei(wt� r�ki) +
f
r

ei(wt� r�k f ) (2.5)

is a solution at large distances of the equation 2.3 and satis�es the boundary con-

ditions. The �rst term of equation 2.5 corresponds to the incident neutron beam,
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the second term has the shape of the scattered spherical wave. The exact solution is

calculated iteratively with the Green functions method, we give here only the result

without going throughout the full calculation that can be found at103. Within the

�rst Born approximation

Y(r) = ei ki �r +
ei ki �r

r
m

2ph̄2

Z
dr

0
e� i k f �r V(r

0
) eiki �r

0

(2.6)

We can stop here to introduce an important quantity,Q, the momentum trans-

ferred. The momentum transferred (or exchanged momentum) is a vector, and it is

de�ned as the vectorial difference between the neutron initial momentumki and the

�nal momentumk f . As we mentioned previously, the assumption is that the neutron

does not exchange (lose or gain) energy during the scattering event, and thereforek i

andk f will differ in direction (Figure 2.1). Therefore, we introduceQ = ki � k f , re-

Figure 2.1: Q is the momentum transferred due to the interaction between a neutron with
initial momentumki and a nucleus.k f is the momentum of the neutron after the collision.
Note that in elastic approximation,ki andk f have same magnitude (energy) but different
direction.

membering thatjki j = jk f j for elastic collisions, the momentum transferred is linked

to the scattering angle via the relationship:

jQj = jk f � ki j =
4p
l

sinJ (2.7)

wherel is the neutron wavelength andJ is the scattering angle.

In order to obtain an expression forf, we can now compare equation 2.5 and

2.6:
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f =
m

2ph̄2

Z
dr

0
e� iQ�r

0

V(r
0
) (2.8)

Equation 2.8 is the Fourier transform of the Fermi pseudopotential (eqn 2.4)

and therefore we can rewrite

V(Q) =
Z

dr e� iQ�r V(r) =
m

2ph̄2b
Z

dre� iQ�rd(r) =
m

2ph̄2b (2.9)

Replacing equation 2.9 in 2.8

f = � b (2.10)

Equation 2.9 dictates the interaction in reciprocal space between neutron and

particle, and this interaction depends only on the mass andb, the scattering length.

The coherent scattering lengthis the most important parameter to look at when

planning a neutron experiment and it is the characteristic parameter of the repulsive

neutron-nucleus interaction. The coherent scattering length can assume positive

values (as for most elements), negative (as for1H = � 3:74f mand7Li = � 2:22f m)

or complex, in case of neutron capture in a non-radiative process such as absorp-

tion. The negativity of the scattering length represents a change in the phase of the

spherical wave due to the scattering event. The coef�cient� f
r squared of equation

2.2 is in this context the probability that the incident neutron will be scattered. In

the scattering process the number of neutrons,v, per areadSper second will be

vdS= vjY scatj2dS=
b2

r2 vdS= vb2dW (2.11)

where the quantityjY scatj2 is the probability of having a neutron scattered into a

solid angledW. Therefore, we de�ne the differential cross section as the probability

for a neutron to be scattered into a solid angledW:

¶s
¶W

=
vb2dW
I0dW

= b2 (2.12)

whereI0 = vjY incj2 = v. Integrating over the solid angle, we obtain the total scat-
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tering cross section for the single interaction between neutron and a nucleus:

s = 4pb2 (2.13)

From what we have learnt from the elastic interaction between a single nucleus

and a neuron, we can extend the description to a multicomponent system. In a many

body system, the assumptions of single and elastic scattering stay the same, however

the scattering events will inevitably include these events, and we need to keep it into

account when performing the data correction.

2.1.2 Scattering from a Multicomponent System

The general expression for the differential cross sectionF(Q,w) for a multicompo-

nent system is

¶2s
¶W¶wf

=
� 1

2p

� kf

ki

Z ¥

� ¥
dt e� iwt <

N

å
k; j= 1

b jbk e� i Q�r j (t) ei Q�rk(t) > : (2.14)

As we have seen for a single neutron, we are assuming that the interaction is elastic,

and therefore we need to remove the energy dependency contained intow f . In order

to do that we need to evaluate equation 2.14 instatic approximation.

2.1.3 The static approximation

In the static approximation, incident and scattered neutrons have the same energy

and henceki = kf andh̄w << Ei .

Under these assumptions, the differential cross section of equation 2.14, de-

pendent on the �nal energy of the neutrons (via the termw f , becomes

¶s
¶W

=
D N

å
k= 1

bk ei Q�rk
N

å
j= 1

b j e� i Q�r j
E

=
N

å
k; j= 1

< b j � bk ei Q�(rk� r j ) > (2.15)

remembering that

¶s
¶W¶Ef

=
Z ¶2s

¶W¶Ef
dEf = h̄

Z ¶2s
¶W¶Ef

dw: (2.16)
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Dividing the sum into two parts, i.e. the term forj = k, self contribution, and the

term for j 6= k, inter-particle contribution, we obtain

¶s
¶W

=
N

å
k= 1

b2
k +

N

å
j6= k

< b j bk ei Q�(rk� r j ) > : (2.17)

Note thatb j andbk are independent since their values are not correlated with the

positions of the atoms. So we can replaceb j bk = < b j >< bk > = < b > 2. Equation

2.17 becomes

¶s
¶W

= N < b2 > + < b > 2
N

å
j6= k

< ei Q�(rk� r j ) > : (2.18)

If we now de�ne the quantity

Db2 = < b2 > � < b > 2�! Db2+ < b > 2= < b2 >

and replaceDb2 in equation 2.18

¶s
¶W

= NDb2 + N < b > 2 + < b > 2
N

å
j6= k

ei Q�(rk� r j ) > : (2.19)

The second term of equation 2.19 is the term in whichj = k, therefore we can

reabsorb this term in the sum obtaining

¶s
¶W

= NDb2+ < b > 2
N

å
j ;k= 1

ei Q�(rk� r j ) > : (2.20)

Now that we have obtained the differential cross section in static approximation as

a function of the average scattering length< b > and its �uctuation from average

Db, we can de�ne the different contributions as coherent and incoherent.

2.1.4 Coherent and Incoherent Scattering

The �rst term in equation 2.20 depends only on the �uctuations of the scattering

lengthb and it de�nes the incoherent scattering cross section,s inc, while the other

term is composed by two factors. These de�ne the coherent scattering cross section
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and theStatic Structure Factor S(Q):

scoh = 4p < b > 2; (2.21)

s inc = 4p Db2; (2.22)

¶s
¶W

=
� ¶s

¶W

�

coh
+

� ¶s
¶W

�

inc
= N

hs inc

4p
+

scoh

4p
S(Q)

i
: (2.23)

Coherent scattering is the scattering of a system assuming that the scattering

lengths of all elements in the system were equal to< b > , while incoherent scat-

tering arises from the random distribution of the deviations of the scattering lengths

from their mean value. In the static approximation, we perform the integral over

all the �nal energies, so that the information carried by the incoherent cross sec-

tion is lost. This yields to a time-independent expression containing the structural

information of the system, i.e. the average behaviour and the spatial correlations.

When studying a scattering event, the probability of a neutron beam being scat-

tered by an assembly of nuclei is governed by the sum of the wavelengths scattered

by individual nuclei. Constructive interference between neutron waves scattered

from different scattering centres, i.e. different atoms, gives information on the rel-

ative positions of these atoms, and the event is what we call coherent scattering.

The coherent cross section depends on the correlations between the positions of

the same nucleus at different times and different nuclei at different times. Destruc-

tive interference causes loss of the information on the relative positions of atoms,

or other assemblies, and it basically depends only on the correlations between the

position of the same nucleus at different times.

Contributions to the incoherent cross section can arise also from differences in

the isotopic composition: if different scattering lengths are correlated, these inter-

fere contributing to the incoherent cross section of the sample because of the rising

of the deviations from the average value. When the interactions between spins are

taken into account, since the spin of a nucleus is generally uncorrelated with its po-

sition in the sample, these scattering lengths give rise tospin incoherent scattering.

By comparing equation 2.20 and 2.23 we obtain a general expression for the
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static structure factor:

S(Q) =
1
N

<
N

å
j ;k= 1

ei Q�(rk� r j ) > : (2.24)

We want now to pass from the general expression to something we are more familiar

with, so we start summing over all the possible (r j � rk) andQ relative orientations

to obtain the Debye's equation for scattering

S(Q) =
1
N

N

å
j ;k= 1

b j bk
sinQ(r j � rk)

Q(r j � rk)
: (2.25)

105Separating the self atomic contribution forj = k from the contribution of distinct

atoms we obtain

S(Q) = å
j

Nj

N
b2

j + å
j6= k

b j bk
sinQ(r j � rk)

Q(r j � rk)
: (2.26)

2.1.5 Isotopic Substitution

Considering the difference in size between the nucleus (10� 14 m) and the order of

magnitude of the neutron wavelength (10� 10 m), neutrons see atoms as points. The

potentialV(Q) between neutron and nucleus depends on mass and scattering length

(that depends on nuclear spin) and therefore, neutrons can distinguish between iso-

topes.

If we de�ne the coherent and the incoherent cross sections as the average struc-

tural behaviour of the system, and the deviation of the system from the main value

respectively (equation 2.21 and 2.22), we can determine how different scattering

lengthsb contribute to different values of the scattering cross section and therefore

different diffraction patterns. In particular for hydrogen/deuterium isotopic substi-

tutionb are signi�cantly different not only in magnitude but also in sign:

bH = � 3:74 f m bD = + 6:67 f m:

This property arises from the spin coupling between the hydrogen/deuterium nuclei
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and neutrons.

The neutron carries two possible spin values� 1
2 which translates to two scat-

tering lengthsb+ andb� , when they interact randomly with the nuclear spin state

i. For any spin quantum number L there are 2L+1 possible states arising from

the relative orientation of the neutron-nucleus spin pairs so that forb+ there are

2(i + 1
2)+ 1 = 2(i + 1) and forb� there are 2(i � 1

2)+ 1 = 2i states. The total num-

ber of states is 2i + 2+ 2i = 2(2i + 1), so the probability ofb+ occurring is i+ 1
2i+ 1

and ofb� is i
2i+ 1 and hence

< b > =
h i + 1

2i + 1

i
b+ +

h i
2i + 1

i
b� :

For hydrogeni = 1
2. This leads to

s H
coh = 4p < b > 2= 1:7610� 24cm2

s H
inc = 4pDb2 = 80:2710� 24cm2

Likewise for deuteriumi = 1, so that

s D
coh = 4p < b > 2= 5:59� 10� 24cm2

s D
inc = 4pDb2 = 2:05� 10� 24cm2

Deuterium has a bigger coherent cross section than hydrogen (and a smaller in-

coherent cross section whereas we are interested in dynamics), so its contribution

gives more information about the sample structure than hydrogen. This difference

makes the isotopic substitution an incredibly powerful tool because it gives signif-

icantly different diffraction patterns for the same system, and they can be used to

constrain the molecular simulations used for neutron data interpretation, as we will

see in section 2.5.
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2.1.6 Distribution Functions

In order to evaluate the correlations among particles in real space, we start looking

at the atomic distribution of a particlei in positionr i . The local number density is

given by

n(r) = å
i

d(r � r i): (2.27)

In static approximation, which experimentally translates into measuring our sys-

tem for long enough (� 4 h for hydrogen rich samples), we can evaluate an auto-

correlation on the density distribution, i.e. how the density distribution changes. It

is often evaluated as a function of time, while here we evaluate the auto-correlation

functionG(r) in space to obtain information about the arrangements of the atoms in

the material

G(r) =
1
N

Z
dr n(r

0
) n(r

0
+ r) =

1
N å

i; j
d(r + r j � r i): (2.28)

Separating the case forj = i and j 6= i

G(r) = d(r)+
1
N å

i; j
d(r + r j � r i) = d(r)+ r g(r) (2.29)

wherer is the atomic number density usually expressed in atoms / Å3. Equation

2.29 is the formal de�nition ofg(r). Theg(r)sare referred to as Radial Distribution

Functions (RDF), Pair Distribution Functions (PDF) or Pair Correlation Functions

(PCF). We will refer to them as partial radial distribution functions or PDF. The

g(r)s are some of the most valuable pieces of information we can extract from the

diffraction experiment. For a multicomponent system we can exploit the Faber -

Ziman formalism to relate different component in the same system.106 The full

auto-correlation functionG(r) can be written as a sum of the site - site correlation

functions. Equation 2.29 would therefore become:
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G(r) = å
a

ca d(r)+ r å
a ;b � a

(2� dab )ca cb gab (r) (2.30)

whereca = r a =r is the atomic concentration of speciesa andr a is the number

density of atoms of speciesa By de�nition the static structure factorF(Q) is the

Fourier transform of theG(r). By comparing 2.30 to 2.26:

F(Q) =
Z

dr ei Q�r G(r) = (2.31)

= å
a

ca b2
a + r å

a ;b � a

(2� dab )ca cb ba bb

Z
dr ei Q�r gab (r ) (2.32)

= å
a

ca b2
a + r å

a ;b � a

(2� dab )ca cb ba bb Sab (Q) (2.33)

where

Sab (Q) =
Z

dr ei Q�r gab (r) (2.34)

de�nes thepartial structure factor. Note that per each partial structure factor, it

corresponds a partial distribution function. From the quantities we have obtained,

the diffraction pattern results being a 3-dimensional Fourier transformation of the

RDFs, weighted by the scattering lengths or form factors for each pair of atoms. It

is worth noting that while the correlation function is initially a function of the ori-

entation ofr then this orientational information is obscured in the scattering process

but it is not lost.107 The self-correlation, which is the �rst term of equation 2.33,

is the scattering level and it is determined only by the product of scattering lengths

(or form factors in case of X-ray) for each atom type, while the distinct correlations

(correlations between different atoms) give rise to oscillations about this constant

level. For an isotropic systemSab (Q) becomes:

Sab (Q) =


Sab (Q)

�
W = 4pr

Z
r2gab (r)

sinQr
Qr

dr (2.35)

As we have now found a suitable expression forF(Q) for a liquid system (equation

2.33), lets now focus on the physical meaning of RDFs.
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2.1.6.1 The radial distribution functions:g(r)

The distribution function of particles in a diluted system is given by the Boltzmann's

distribution

g(r) = e
� V(r1:::rn)

kBT (2.36)

whereV is the potential between two atoms,kB is the Boltzmann's constant andT

is the temperature of the system. By increasing the density, theg(r) needs to be

corrected by successive terms, as a series expansion in densityr , assuming that the

average density is uniform

g(r1:::rn) = e
� V(r1:::rn)

kBT + r g(1)(r1:::rn) + r 2g(2)(r1:::rn) + :::: (2.37)

For highr values, where the interaction potential is zero,g(r) tends to 1, as can be

easily demonstrated. Once found an expression for the interaction potentialV(r),

a numerical evaluation ofg(r) can be obtained via Monte Carlo simulations. The

partial distribution functions represent the probability density of �nding an atom of

same or different species at a distancer from a chosen origin, and therefore differ

signi�cantly for solids, liquids and a gases as they re�ect the state of matter consid-

ered. Figure 2.2 shows the pair distribution functions of solid, liquid and gaseous

argon. We can see that theg(r) of the crystal presents sharp, periodic peaks, and a

�at background. On the contrary, gaseous argon is characterised by weakly interact-

ing particles, which translate to a single broad peak of low intensity with respect to

its asymptotic value of 1 in theg(r). Liquid argon sits somewhere in the middle: it

shows a short range order, with the identi�cation of subsequent neighbouring shells

(peaks of decreasing intensity) and long range disorder (asymptotic value equal to

1).

Another example is given by Soper, where the structure factor of crystalline

nickel (left) is plotted alongside the one of supercooled liquid nickel (right).104,108

These two structure factor present clear differences in the number of peaks, but also

in the amplitude of the scattering signal.
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Figure 2.2: The radial distribution functions of solid (T = 50 K), liquid (T = 80 K), and
gaseous argon (T = 300 K) in blue, red and black respectively. The radii are given in
reduced units of the molecular diameter (2s = 3:822Å). Reproduced from Christopher
Rowley under license CC BY-SA 4.0.

Figure 2.3: Comparison between the diffraction patterns of crystalline nickel (left) and
supercooled liquid nickel (right). Reproduced from104

Physical Interpretation of Partial Distribution Function

To understand the physical meaning ofg(r), it is worth to divide the space around a

molecule, chosen as origin, inshellsnumbered from the nearest at the origin (�rst,

second, etc.). The subdivision is done by �xing the borders between contiguous

shell at distances corresponding to the minimum ofgab as shown in Figure 2.4.

If we start looking at theg(r) from 0 to longer inter-molecular distances, we see

that the probability of �nding a pair of atoms/molecules close to each other (< 1 Å

distance) is zero because of the repulsive component of the potential at small dis-




	Introduction
	Weak Interactions in Condensed Matter
	Hydrogen Bonding
	Van der Waals Forces: Keesom, Debye and London Dispersion Forces
	 Interactions
	Cooperativity

	Experimental and Computational Methods
	Spectroscopic Techniques
	Electron, X-ray and Neutron Diffraction
	Computational Methods

	Competitive Interactions behind the Dissolution of Nanomaterials
	Mechanisms Behind Colloid Dispersion: DLVO Theory
	Dispersion and Dissolution of Carbon Nanomaterials
	Applying the DLVO theory to Carbon Nanotubes: The Oosawa-Manning (OM) Model
	Theoretical Limitations and Mechanisms Behind Dissolution
	Summary

	Thesis Structure

	Theory and Method
	Neutron Scattering Theory
	Scattering from a Single Fixed Nucleus
	Scattering from a Multicomponent System
	The static approximation
	Coherent and Incoherent Scattering
	Isotopic Substitution
	Distribution Functions

	Experimental Total Structure Factor 
	Plazeck Corrections
	Inelasticity Effects

	Instrumentation
	Neutron Sources
	SANDALS: Small Angle Diffractometer for Amorphous and Liquid Samples 
	NIMROD: Near and InterMediate Range Order Diffractometer

	Neutron Data Correction
	Sample Containers
	Data Normalisation
	Gudrun: the principal software package for reducing total scattering data

	Scattering Data Interpretation
	The Empirical Potential Structure Refinement (EPSR) Method
	Dissolve: a Next Generation Software
	Data Visualisation: dlputils and Aten Packages
	X-Ray Scattering


	 Weak Hydrogen Bonding in the Liquid State
	Overview of the Structure of Liquid Methanol
	
	Introduction
	Method
	Results and Discussion
	Conclusions and Future Work

	When the  System is not Aromatic: Alkene - Methanol Interactions
	Introduction
	Method
	Results and Discussion
	Conclusions and Future Work

	Phenol, Aniline and 4-Nitrophenol in Aqueous Solutions: a Dissolve Study
	Introduction
	Method
	Results and Discussion
	Conclusions and Future Work


	Competing Interactions in Liquid Amides: Weak Hydrogen Bonding vs Dipole-Dipole
	Bulk Tertiary Amides and Amide - DMSO Equimolar Mixtures
	Introduction
	Method
	Results and Discussion
	Conclusions and Future Work


	Structure and Orientation of Liquid Amides at the Interface of Negatively Charged Carbon Nanotubes
	Introduction
	Experimental
	Results and Discussion
	Preliminary Observations
	The Simulation Box
	Testing Different Starting Configurations
	Sodium Nanotubide in cyclic and acyclic amides: NMP and DMAc

	Conclusions and Future Work

	General Conclusions
	Appendix
	Summary of Experiments and Data Availability
	Bibliography

