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Abstract  

Herein, a combination of total neutron scattering (TNS), nuclear magnetic 

resonance (NMR) and computational simulation has been used to probe bulk 

and confined mixtures of benzene and cyclohexane. The hydrogenation of 

benzene to cyclohexane has been used in these studies as a model study with 

some industrial relevance. 

The iterative development of a newly combined total TNS and NMR 

technique, entitled NeuNMR, has been a focal point of this study. This in-situ 

method enables time-resolved chemical composition to be obtained, an 

improvement on traditional TNS experiments. As a result coordinating 

kinetic data on the pseudo-static hydrogenation of benzene, using an MCM-

41 supported catalyst, has been acquired by analysis of the evolution of the 

neutron scattering data total structure factors and the evolution of the 

coordinated NMR intensities. A secondary continuous flow NeuNMR method 

has been established to facilitate longer data collection times, this flow 

system has been used to deposit cyclohexane-benzene mixtures intended to 

simulate points along the reaction pathway.  

Empirical potential structure refinement (EPSR) has been used to 

iteratively derive computational models, using known chemical and physical 

constraints, towards the experimentally obtained total neutron scattering 

data. The fits displayed by the constructed simulations, particularly in the Q 

regions reflecting the most critical intermolecular and atomistic interactions, 

are in excellent agreement with the experimental total structure factors. The 

use of this simulation method allows the molecular ordering and 

orientatio ns of the species under confinement to be probed, and contrasted 

with that of the bulk mixtures ɀ studied by conventional total neutron 

scattering procedures. In the confined systems where high benzene 

concentrations are present, an increased preference for parallel orientations 

has been displayed for like benzene molecules. Further analysis of the 

optimised simulations are included.     
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1. Introduction  

1.1 Introduction to catalysis  

1.1.1 Fundamentals of catalysis 

The current definition of a catalyst, as defined by the International Union 

of Pure and Applied Chemistry ɉ)50!#Ɋȟ ÉÓ ȬÁ ÓÕÂÓÔÁÎÃÅ ÔÈÁÔ ÉÎcreases the rate 

of reaction without modifying the overall standard Gibbs energy change in 

ÔÈÅ ÒÅÁÃÔÉÏÎȭȢ1 By providing an alternate reaction mechanism with lower 

activation energy and a different transition state, the use of a catalyst 

increases the rate of reaction. This is demonstrated in Figure 1.1.   

Due to the lower activation energy (Ea) when using a catalyst, the 

proportion of collisions in the reaction which have energy significant enough 

to overcome the activation energy is increased. Therefore, a higher 

proportion of  collisions result in a reaction. The overall result is an increased 

rate of reaction. Comparative to this, when an increased reaction 

temperature is used, the increase in rate is achieved by the increase in kinetic 

energy of the reactants. Maxwell-Boltzmann distribution profiles show some 

reasoning for the increased rate of reaction with the use of a catalyst and with 

use of increased temperature, respectively, as shown in Figures 1.2 and 1.3. 

Figure 1.1 - Example reaction energy diagram, with and without the presence of a 
ÃÁÔÁÌÙÓÔ ÆÏÒ ÔÈÅ ÒÅÁÃÔÉÏÎ 8Ͻ9  : 
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!ÌÓÏȟ ×ÉÔÈÉÎ ÔÈÅ )50!# ÄÅÆÉÎÉÔÉÏÎ ÉÓ ÔÈÁÔ ȬÁ catalyst is both a reactant and 

ÐÒÏÄÕÃÔ ÏÆ ÔÈÅ ÒÅÁÃÔÉÏÎȭ.1 Although directly involved in the reaction as both a 

reactant and product, the catalyst does not feature in the overall 

stoichiometric equation. Equations 1.1a and 1.1b show this by presenting 

how chlorine radicals react as a catalyst during the reaction of ozone 

destruction. Equation 1.1c gives the overall stoichiometric equation, which 

does not include the catalyst. This very simple example shows that the 

catalyst is directly involved in the reaction, used to form intermediates, and 

then the catalyst is regenerated. 2 

Figure 1.2 ɀ Maxwell-Boltzmann distribution profile for a catalysed and an un-catalysed 
reaction, under the same conditions. 

Figure 1.3 ɀ Maxwell-Boltzmann distribution for a reaction at temperatures T1 and T2 where 
T2>T1. 
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(1.1a) 

ὅὰὕȢ ὕ O ὅὰȢ  ὕ  

(1.2b) 

Overall reaction 

ὕ ὕ ựςὕ  

(1.1c) 

  

1.1.2 Classes of catalysis 

Catalysis is of major economic importance contributing to 40% of GDP 

worldwide, with industrialised countries depending directly on catalysis for 

approximately 15-30 % of their economic activities.2-3 It has been recently 

estimated that around 85 % of all chemical processes progress via at least 

one catalysed reaction, as such this technology is one that underpins modern 

society.4 This huge field is ordinarily divided into  three classes, bio-catalysis, 

homogeneous catalysis and heterogeneous catalysis. Bio-catalysis involves 

the use of enzymes and living cells to perform chemical reactions. Catalysis 

is homogeneous in nature when only one phase in involved. Heterogeneous 

catalysis occurs at or near an interface between two phases. This can be 

identified as a solid/liquid, solid/gas, liquid/gas or solid/liquid/gas 

interface, for example.  

Homogeneous catalysts are generally organometallic compounds; 

composed of metal ions complexed with tuneable ligands. A homogeneous 

catalyst is dissolved in the reaction medium, which contains substrates and 

products, because of this all catalytic sites are said to be accessible. This is a 

major benefit of homogeneous catalysis. Also beneficial is the specific tuning 

of the enantio-, regio- and chemo-selectivities that can be attained using this 

class of catalyst. This is achieved by varying the size, shape and the electronic 

properties of the surrounding ligands, likewise affecting the solubility of the 

catalyst.5-6 The major drawback, or challenge depending on the 
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consideration, of homogeneous catalysis is the separation of the products, 

the reactants and the catalysts. Distillation is a common method of chemical 

separation industrially, but this energy intensive process is not usually viable 

when using homogeneous catalysts, as these catalysts are thermally sensitive 

with some decomposing below 423 K.5 The struggle for cost effective 

substrate, catalyst and product separation, where the loss of catalyst is not 

an expense, is the aim of much research. Differing suggestions on the ratio of 

applications of heterogeneous to homogeneous catalysts have been 

identified.  This factor can range from a 60:40 whilst focussing majorly on 

industrial and commercial applications only, to a ratio of 75:25 when 

considering all chemical processes.  
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1.2  Heterogeneous catalysis  

1.2.1 Background to heterogeneous catalysis 

Heterogeneous catalysis is the key focus of this project, the understanding 

of which is critical to many modern-day industrial processes. Heterogeneous 

catalysts are widely popular and have been utilised on a large scale for 

chemical production from the mid-19th century; when the Deacon process 

utilised a copper chloride catalyst as a step during the Leblanc process 

manufacture of alkalis.7-8 Other 19th and 20th century large scale processes 

that may be more commonly known include; the contact process, where 

0ÈÉÌÌÉÐÓȭ ÄÉÓÃÏÖÅÒÙ ÌÅÄ ÔÏ ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÆ ÓÕÌÆÕÒÉÃ ÕÓÉÎÇ Á ÐÌÁÔÉÎÕÍ ÃÁÔÁÌÙÓÔȟ9 

the Ostwald process, where nitric acid is manufactured using a platinum-

based catalyst,10 and the Haber-Bosch process, where ammonia is produced 

from nitrogen and hydrogen using an iron-based catalyst. From these early 

commercialised processes, heterogeneous catalysis-based manufacture has 

increased considerably. Modern day society is exceedingly reliant on fuels 

which are produced using a variety of catalysts, via the cracking and 

reforming processes of crude-oil.11 This process is of upmost importance to 

global economics, even with the need for greener fuel sources and 

technologies; the international demand for crude-oil continues to grow.12 

Heterogeneous catalysts are typically comprised of high surface area solid 

catalyst supports, onto which an active component is dispersed as nano-

sized particles. The characteristically metallic nano-particles vary from that 

of expensive, and or, precious metals, such as platinum, palladium and 

ruthenium to the more abundant metals of iron, nickel and copper. Virtually 

all transition metals have been utilised in a respective reaction as either a 

catalyst or catalyst promoter.13 The performance of the catalysts can be 

sensitive to the size of the nanoparticles, which can vary in size from 1 to 50 

nm. In this size range, the surface structure and the electronic properties of 

the nanoparticles can change greatly.14 The activity of the catalysts occurs at 

the surface atoms, because of this high surface area catalyst supports are 

critical, as too is the high dispersions of the affixed nanoparticles onto the 

supports.  
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Silica, alumina, titania and various kinds of carbon are used as typical 

catalysts supports. The use of a catalyst support is necessary to prevent 

sintering of the metal particles, which would result in loss of active metal 

surface area, reducing the overall activity of the catalysts. For the best 

performance, the nanoparticles should be optimally stable on the catalyst 

supports. Stable binding of the metal increases the durability of the catalysts, 

reduces the amount of costly metals lost through leaching and results in an 

overall decrease of catalyst expense ɀ all of which are important for 

industrial or  commercialised processes. The vitally important high surface 

areas of catalyst supports are generally a result of the porosity of the 

material.  

Beyond providing stability to the metal catalyst by preventing 

agglomeration, catalyst supports have also been shown to have an influence 

ÏÎ ÒÅÁÃÔÉÏÎ ÓÅÌÅÃÔÉÖÉÔÙȭÓȢ !Î ÅØÁÍÐÌÅ Ïf this is displayed by the Cu catalysed 

synthesis of methanol. Where the use of Cu supported on ZnO provides 

preferential hydrogenation of CO2, but the use of Cu supported on MgO 

displays preferential hydrogenation of CO. The complexity of the role of the 

oxide support in determining the preferred pathway, including the widely 

discussed ZnO-Cu synergy, is shown in a recent publication by Behrens et 

al.15          

The pore size distribution, the pore volume and the accessibility of the 

pores are all vital characteristics of the support, which are inherently related 

to the porosity of the material. Pores are classified into three categories 

dependent on the diameter, micro-, meso- and macro-pores. Micropores are 

ÄÅÆÉÎÅÄ ÁÓ ÈÁÖÉÎÇ Á ÄÉÁÍÅÔÅÒ ÏÆ Ѕς ÎÍȟ ÍÅÓÏÐÏÒÅÓ ÁÒÅ ÄÅÆÉÎÅÄ ÁÓ ÈÁÖÉÎÇ Á 

pore diameter between 2 and 100 nm, with macropores having a pore 

dÉÁÍÅÔÅÒ Іρππ ÎÍȢ 3ÕÐÐÏÒÔÓ ÃÏÎÔÁÉÎÉÎÇ ÍÉÃÒÏ- and macro- pores are most 

often exploited in catalysis, as these supports generally have higher surface 

areas than supports solely displaying macroporosity.  
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1.3  MCM-41 framework and metal loading  

1.3.1 Report in MCM -41 

Mobil Crystalline Material (MCM-41) is an ordered mesoporous silicate 

material, used in this study as a catalyst support. MCM-41 is a member of the 

M41S family of mesoporous molecular sieves, first introduced in 1992 by 

-ÏÂÉÌ #ÏÒÐÏÒÁÔÉÏÎȭÓ ÒÅÓÅÁÒchers.16 MCM-41 is identified by the characteristic 

regularly organised hexagonal array of cylindrical mesopores, which form a 

one-dimensional pore system. Further characteristics of MCM-41 include a 

sharp pore distribution, elevated specific surface area ɀ values reaching up 

to 1200 m2g-1, large pore volume > 1.0 ml g-1, and the capacity to tune the size 

of the macropores within the range of 1.5 ɀ 10 nm. 17-18  

The conventional manufacture of such a hierarchically structured 

material occurs through hydrothermal synthesis and a liquid templating 

mechanism. Figure 1.4 details the conventional liquid templating process. 

Quaternary ammonium surfactants are utilized as the liquid template, most 

commonly cetyltrimethylammonium bromide. The surfactants form rod 

shaped micelles in the synthesis solution, these micelles associate as 

hexagonal arrays. Silicate sources are exploited in the material synthesis, 

including tetraethyl orthosilicate, these silica species coat the micelles. This 

process typically proceeds under mild hydrothermal conditions, usually 

below 393 K.19 The final step in the synthesis is the calcination of the 

ÓÙÎÔÈÅÓÉÓÅÄ ÐÏ×ÄÅÒȢ #ÁÌÃÉÎÁÔÉÏÎ ÏÃÃÕÒÓ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅÓ Іψςσ +Ȣ .ÏÔ ÏÎÌÙ 

does this process removes any remaining surfactant or solvent from the 

material via high temperature oxidation, the silica framework is condensed 

by thermal condensation.20 

Figure 1.4 ɀ Liquid templating/hydrothermal synthesis route to MCM-41. 



20 

 

Many investigations into both novel and tailored methods of MCM-41 

synthesis have been reported. For example, Mutki et al. detailed a greener 

method of MCM-41 synthesis by using a multi-cycle approach in which the 

synthesis mother liquor is recycled.21 Microwave synthesis of the material 

has been shown by several groups, including those of Kim and Bein.22-23 In 

these investigations the temperature-controlled microwave treatment of a 

precursor gel is shown to produce samples of high quality. Beneficial to this 

synthesis method is the highly reduced timescale observed, in comparison to 

conventional hydrothermal synthesis methods, of between 1 and 60 minutes. 

Tailored methods of synthesis include the production of spherical MCM-41 

particles, nanospheres, ordered silica rods and thin films.23-25 This small 

snippet of the research in this area, shows only a miniscule amount of the 

vast interest in such uniformly ordered materials. 24,25,26 

The nature of the MCM-41 walls on the nanoscale has been the subject of 

studies by manty groups, including those of Firlej et al., and Kruk et al. 27- 28 

There is some debate as to whether the silica pore walls are entirely 

amorphous or if partially crystalline regions are present.29 The popular 

consensus is that MCM-41 is a completely amorphous material, therefore, 

amorphous silica is used in the atomistic models displayed in this thesis. 

The uniformity of the pore size and the uniformity of the pore ordering in 

such materials is of upmost import ance to this study, as the total neutron 

scattering investigations of ordered materials are less complex than a 

disordered system. The uniform structure of the catalyst support pores is 

also critical to this investigation as the computational modelling of the 

system, explored in Chapters  4-6, is reliant on the simulation of a single pore 

that is repeatedly replicated to form the overall catalyst structure. 

1.3.2 Active metal integration 

The integration of the active metal species is critical to the catalyst 

manufacture. The technique of wetness impregnation is the technique most 

commonly used for the deposition of the active metal onto this support type. 

During this technique, the active metal is dissolved in a solution, usually in 

the form of a metal-salt dissolved in an aqueous solvent. This solution is then 
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added to the catalysts support, with stirring. At a slow rate the catalyst is then 

dried, removing any of the volatile components of the solutions such as the 

aqueous or organic solvent. Following this, the catalyst is calcined, 

completing the removal of any non-volatile constituents.30 Other more novel 

methods include direct template-ion-exchange and metal entrapment after 

organo-functionalisation.31-32    
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1.4  Nuclear magnetic resonance (NMR) spectroscopy  

1.4.1 NMR spectroscopy Theory 

NMR spectroscopy is a technique that is used widely and extensively in 

modern chemistry. This technique can be used to give detailed information 

about the structure, chemical environment and reaction kinetics and state of 

many molecules. The nuclear spin quantum number, I, is a fixed 

ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÐÒÏÐÅÒÔÙ ÏÆ Á ÎÕÃÌÅÕÓ ÉÎ ÔÈÅ ÇÒÏÕÎÄ ÓÔÁÔÅȟ ɻ ÓÔÁÔÅȢ33 Nuclei, with 

nuclear spin quantum number of a ½ are excellent nuclei to observe by NMR, 

giving sharp, defined peaks and easily observed J coupling. J couplings 

contain information about relative bond angles and distances. The 

abundance of the nuclei to be studied must be considered as this can 

determine the sensitivity of the NMR experiment. 100% abundant nuclei 

with quantum nuclear spin number ½ include 1H, 19F and 31P and these nuclei 

are commonly studied by NMR. The nuclei of 13C and 195Pt, amongst others, 

also have quantum nuclear spin numbers of ½; these nuclei are less than 

100% abundant but are also commonly studied. 12C and 16O nuclei have 

nuclear spin equal to 0, have zero magnetic moment, and are, therefore, not 

observable by NMR. For quadrupolar nuclei, quantum nuclear spin number 

>½, some nuclei can be observed using NMR, but their  line widths are often 

broader, and the J-coupling cannot always be resolved.  

During NMR spectroscopy, an external magnetic field is applied to the 

sample. The nuclei of the sample either align with the external field and are 

Figure 1.5 ɀ Figure showing 1H NMR theory. 
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ÉÎ ÔÈÅ ÇÒÏÕÎÄ ÓÔÁÔÅ ɉɻ ÓÔÁÔÅɊȟ ÏÒ ÔÈÅ ÎÕÃÌÅÉ ÁÌÉÇÎ ÏÐÐÏÓÅÄ ÔÏ ÔÈÅ ÅØÔÅÒÎÁÌ ÆÉÅÌÄ 

and are ÉÎ ÔÈÅ ÅØÃÉÔÅÄ ÓÔÁÔÅ ɉɼ ÓÔÁÔÅɊȢ 4ÈÅ ɼ ÓÔÁÔÅ ÉÓ ÈÉÇÈÅÒ ÉÎ ÅÎÅÒÇÙ ÃÏÍÐÁÒÅÄ 

ÔÏ ÔÈÅ ɻ ÓÔÁÔÅȟ ÂÅÃÁÕÓÅ ÏÆ ÔÈÉÓȟ Á ÈÉÇÈÅÒ ÐÒÏÐÏÒÔÉÏÎ ÏÆ ÎÕÃÌÅÉ ×ÉÌÌ ÂÅ ÐÒÅÓÅÎÔ ÉÎ 

ÔÈÅ ɻ ÓÔÁÔÅȢ 7ÈÅÎ ÔÈÉÓ ÓÁÍÐÌÅ ÉÓ ÓÕÂÊÅÃÔÅÄ ÔÏ ÌÏ× ÅÎÅÒÇÙ ÒÁÄÉÁÔÉÏÎ ÆÒÏÍ ÔÈÅ 

radio frequency (RF) region of electromagnetic spectrum, nuclei will be 

ÐÒÏÍÏÔÅÄ ÆÒÏÍ ÔÈÅ ɻ ÓÔÁÔÅ ÔÏ ÔÈÅ ÅØÃÉÔÅÄ ɼ ÓÔÁÔÅȢ 4ÈÅ ÒÅÌÁØÁÔÉÏÎ ÆÒÏÍ ÔÈÅ 

ÅØÉÔÅÄ ÓÔÁÔÅ ÂÁÃË ÄÏ×Î ÔÏ ÔÈÅ ɻ ÓÔÁÔÅ ÇÅÎÅÒÁÔÅÓ Án NMR signal. Figure 1.5 

shows 1H NMR theory. 

The RF radiation needed to cause the excitation of distinct nuclei is 

dependent on the distinct chemical environment. Therefore, nuclei in 

different environments are distinguishable by the RF frequencies needed to 

excite them. However, understanding modern day NMR is more complicated 

than simply correlating nuclei environments with the RF frequencies needed 

to excite them. Modern NMR spectroscopy techniques uses pulses of RF 

radiation, after which the radiation emitted by the nuclei as they return to 

equilibrium is monitored.  

The signal produced during the deterioration to equilibrium, is analysed 

in two components. The first is the longitudinal (or spin-lattice) relaxation 

time T1, associated with loss of signal intensity. The second is the transverse 

(or spin-spin) relaxation time, associated with signal broadening T2. T1 and 

T2 depend on the rotational and the translational motions of the sample 

molecules. Spin-lattice relaxation, T1, occurs when local magnetic fields 

fluctuate at a frequency close to that of the nuclei decay from the excited state 

to the ground state, as an example, this can be caused from the tumbling 

motion of molecules in fluid samples. T1 governs the maximum repetition 

rate during acquisition; a short T1 enables the signal to be acquired faster.  

T2, is the loss of phase coherence or the randomisation of the spin directions 

of the nuclei. The line width of the acquired spectra is dependent on T2; the 

longer T2 the broader the spectral lines obtained.34  

1.4.2 NMR of confined liquids 

NMR measurements of liquids confined in mesopores are typically 

broader than the corresponding pure liquid measurements. This is due to the 



24 

 

magnetic susceptibility of the different material phases present. The T1 and 

T2 relaxation rates are reduced by the dynamic exchanges between the 

present materials, dependant on both the mesopore size and the interaction 

between liquid and pore surface. The broader peaks obtained by NMR 

analysis of confined liquids has the potential to challenge this study, as there 

is a higher probability that the signals obtained by the reagents, 

intermediates and products will overlap and need deconvoluting. The 

relevance of this is due to the intent of the present study - to combine total 

neutron scattering and NMR to study heterogeneous catalysis, this is 

discussed in section 1.6. 35-36 
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1.5  Neutron scattering  

1.5.1 Background to neutron scattering 

The neutron, a subatomic particle with no net charge and a mass slightly 

larger than that of a proton, was first discovered in 1930 by physicist Sir 

James Chadwick.37 Other physicists who were instrumental in the 

development of neutron science were Enrico Fermi, Ernest Wollan, Clifford 

Shull and Louis Néel. Since these early developments, neutron science has 

played a pivotal role in many physics, physical chemistry, crystallography, 

biophysics and material research investigations.38 

Neutron scattering is the scattering of free neutrons by matter. As 

neutrons are scattered by the nucleus of a sample as opposed to the electron 

cloud, the technique is highly penetrative allowing for the investigation of 

bulk samples. The interaction between the nucleus and the neutron is weak, 

therefore the sample is non-destructive. All samples appear to have a very 

low density from the neutron point of view, as the size of each nucleus is 

approximately 100,000 times smaller than the distance between nuclei.39 As 

a result of this, only a small fraction of the neutron incident beam is scattered 

by the sample and a weak signal is observed. Neutrons are scattered 

isotopically, in equal probability in all directions, due to the weak interaction 

of the neutron with the nucleus which is denoted as a point scatter.40  

Current uses of the neutron scattering technique include measuring 

atomic vibrations using inelastic neutron scattering, investigating 

significantly large polymer and colloid structures using small angle neutron 

scattering (SANS), studying material layers and interfaces using 

reflectometry, investigating magnetism in materials through magnetic 

scattering and probing the atomic structure of a molecules using elastic 

neutron scattering.41 

There are two categories of neutron scattering facilities the first using a 

nuclear reactor as a source of neutrons and the second producing neutrons 

via a spallation source. Reactor sources, such as the High-Flux Reactor (HFR) 

at the Institut Laue-Langevin (ILL) produce neutrons using the fission 



26 

 

process ɀ often the well-known fission process of 235uranium.42 A range of 

neutron wavelengths and energy classes are produced from these reactor 

sources. For total neutron scattering (TNS) studies, high energy, short 

wavelength neutrons (thermal neutrons) are required.  As these neutrons 

are slow enough to ensure lack of energy change upon collision with a 

nucleus, vital for elastic neutron scattering.43 A monochromator stage is used 

to sift the thermal neutrons; however, this results in a significant loss in flux 

from the source. 

Neutrons are produced via a spallation process when high-energy protons 

strike a solid target. An example of this is at the ISIS pulsed muon and 

neutron source, where ÎÅÕÔÒÏÎÓ ÁÒÅ ÐÒÏÄÕÃÅÄ ÏÎÃÅ ȬÂÕÎÃÈÅÓȭ ÏÆ ÁÃÃÅÌÅÒÁÔÅÄ 

protons collide with a tungsten metal target. Constant cooling of the 

synchrotron is necessary to disperse the heat produced from the proton 

beam. Spallation sources offer the advantageous time-of-flight (TOF) 

method, due to the pulsed nature. The TOF method allows for the wavelength 

‗ of the neutron to be calculated using the time t taken for the neutron to 

travel a known flight path length L, therefore, unlike a reactor source no 

monochromator is needed. The wavelength is calculated from equation 1.4a, 

where m is the mass of the neutron and h ÉÓ 0ÌÁÎÃËȭÓ ÃÏÎÓÔÁÎÔȢ 

 

Ô  
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ὒ‗ (1.4a) 

 

A major benefit of spallation sources is that they are inherently safer than 

reactor sources. In a spallation source, cutting off the power of the 

synchrotron will terminate the supply of photons to the target, ending the 

source of radiation. The occurrence of chain reaction runaway is possible in 

a reactor source, which is impossible to control and is inherently less safe. 

1.5.2 Total neutron scattering (TNS) 

TNS, is the main technique used in this project. The technique uses elastic 

neutron scattering, where no change in energy between the scattered and 



27 

 

the incident radiation is observed. Neutron scattering occurs via Bragg 

diffraction, which occurs when radiation with comparable wavelength 

spacings, is scattered by atoms, and henceforth undergoes interference. 

Through the total neutron diffraction pattern, structural information of the 

entire system including both the Bragg and the diffuse components is 

obtained. The structural information is attained versus the momentum 

transfer vector Q. For elastic scattering, this is attained using the 

trigonometric relation as shown in equation 1.4b using the scattering angle 

2 ,̒ the angle is determined by the detector positions.  Where ‗ is the neutron 

wavelength. Q is translated into distances, d by the reciprocal relationship 

shown in equation 1.4c. Low Q values correspond to larger d spacings, with 

higher Q values translating to smaller d spacings.  

ὗ  
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In TNS, a differential cross section is measured as a function of magnitude 

of the momentum vector Q. This contains contributions from both single 

atom scattering and correlations between atom pairs. This is described by 

the total structure factor F(Q), shown in equation 1.4d. Each interaction 

between pairs of atoms in a sample, denoted to as partial structure factors 

Sh (̡Q), are weighed by the concentrations ch, c̡  and the atomic scattering 

lengths bh , b̡  for atoms ʰ and ʲΦ This is expressed as the sum of all 

correlations, with the Kronecker delta ɻ ʰ  ̡used to avoid double counting 

atom pair terms. 

&ὗ ς ɿ Ãɻ Ãɼ Âɻ Âɼ 3ɻɼὗ  (1.4d) 

 

The radial distribution function (RDF) is used to describe the distribution 

of atoms as a function of distance from the central atom. This is obtained by 
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performing a Fourier transform on the total structure factor, as shown in 

equation 1.4e, where ʍ is the atomic density, r is the distance from the central 

atoms and gh (̡r) is a weighted sum of the pair distribution functions.44-45 
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ς ɿ Ãɻ Ãɼ Âɻ Âɼ ÇɻɼÒ ρ 

(1.4e) 

 

Structural information of the entire system including both the Bragg and 

the diffuse components is obtained from the RDF. From this, the probability 

of finding atoms at a defined distance r from the can be calculated. The 

positive peaks are indicative of a high atomic density, negative peaks or 

minima just after show a diminished atomic density. Correlations with the 

cantered atom are reduced as the distance from that atom increases, with 

higher r values, hence there is a predisposition for the spectrum to tend to 

unity. Figure 1.6 shows a typically RDF pattern. 

1.5.3 Data analysis 

After data collection, there are the two suites of software used for data 

correction, refinement and modelling of TNS data,  

Figure 1.6 - Radial distribution function calculated from liquid argon at 91.8 K, reproduced 
from reference 30, M. Falkowska 
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GudrunN is the main software package used for the reduction, correction 

and processing of time of flight TNS data. The software was written and is 

maintained by Alan Soper, with further contr ibutions from S.E McLain, D.T, 

Bowron and A.C Hannon.46 The disordered materials group at ISIS, 

particularly the users of SANDALS, GEM, POLARIS and NIMROD instruments, 

use GudrunN extensively. The GudrunN software is used for the removal of 

instrument  and sample backgrounds, for sample attenuation and multiple 

scattering corrections. The suite enables the data to be produced on an 

absolute scale by normalising the collected data to a known standard ɀ for 

the NIMROD instrument the known standard is vanadium. Lastly the 

software performs systematic reduction of inelasticity effects, which arise 

from the presence of light elements. GudrunX, the associate software, is used 

for the reduction, correction and processing of X-ray scattering data.  

Empirical Potential Structure Refinement (EPSR) is a Monte Carlo derived 

modelling method, the use of which was first published by A.K Soper in 1996 

for the simulation of fluid structure.47 The basis of EPSR is to iteratively 

derive a 3D model structure based on known chemical and physical 

Figure 1.7 - Outline of the theory basis for EPSR software simulations. 
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restraints towards agreement with experimental diffraction data, with the 

use of neutron diffraction and X-ray diffraction data being enabled within the 

software. After the simulated model fits the data acceptably, the model can 

then be probed for structural properties of the system of interest. Figure 1.7 

shows the foundation of EPSR. 
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1.6  Project aims  

1.6.1 Hydrocarbon hydrogenation reactions 

Hydrogenation reactions are of great importance to current society due to 

the large presence in both the petrochemical and food industries. The largest 

current scale of hydrogenation is used in the production of margarine and 

semi-solid fats from liquid vegetable oils.48 The majority of hydrogenation 

reactions utilise catalysis, as H2 is with rare exception, unreactive to 

hydrocarbon materials in lieu of a metal catalyst. Typical metals used for the 

catalysis of hydrocarbon hydrogenation include platinum, palladium and 

rhodium and ruthenium.  Nickel catalysts are also used in this field as an 

economical replacement for the precious metals, with compromise made on 

time-scale and or temperature/pressure requirements.  

The general steps in a heterogeneously catalysed hydrogenation reaction 

are shown in figure 1.8. Initially the hydrogen species is adsorbed on the 

surface of the metal catalysed. Hydrogen atoms migrate along the metal 

species surface after the H-H bond breaks. The unsaturated hydrocarbon 

approaches a hydrogen atom, in the most straightforward case of an alkene, 

the unsaturated bond is broken, and the initial hydrogen atom binds to a 

carbon atom. Thereafter, a second hydrogen atom binds to the adjacent 

Figure 1.8 - The general steps of a metal catalysed heterogeneous hydrogenation reaction. 
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carbon atom. Ultimately the hydrogenated product migrates from the 

catalytic surface.  

Cyclohexane is produced from the hydrogenation reaction of benzene, a 

chemical which is used as a precursor in the production of adipic acid and 

caprolactam.49 The hydrogenation of benzene is the first reaction studied in 

this thesis. This reaction been specifically chosen due to the large contrast 

between the fully aromatic monocyclic starting material and the fully 

saturated product by total neutron scattering.45 Experimentally minimal 

intermediate products  have been observed with the use of transition metal 

catalysts, minimising the complexity of the system.50 Figure 1.9 displays the 

hydrogenation of benzene in the structural formula form. 

1.6.2 Confined liquids 

Confined liquids are found in numerous natural systems, ranging from 

biological systems to environmental entrapments. Confined liquids in this 

context, refers to confinement in a nanometre length scale environment.  The 

confinement of liquids in solid materials is abundant in the field of 

heterogeneous catalysis ɀ where often reagents and products react inside the 

pores of solid materials. It is important that confinement effects are 

understood with maÊÏÒ ÅÍÐÈÁÓÉÓ ÏÎ ÔÈÅ ÉÍÐÁÃÔ ÏÆ ÔÈÅÓÅ ÐÒÏÐÅÒÔÉÅÓȭ ÃÈÁÎÇÅÓ 

to materials reactivity, to aid the rational design of future heterogeneously 

catalysed reacting systems,    

The least complex confined liquid system is that of confined water. This 

system has been the subject of multiple studies. Over two decades ago 

Nobuika et al., performed X-ray diffraction measurements to study the phase 

changing behaviour of water confined in mesoporous materials. The central 

water molecules displayed the typical freezing behaviour expected of bulk 

water. However, the interfacial water, the water confined between the 

Figure 1.9 ɀ Structural formula form of the benzene hydrogenation reaction.  
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surface of the pore and the core ice, required lower temperatures before 

phase change was found to occur.51 Schmidt et al., noted around the same 

time that the significance of the phase transition of the interfacial water was 

not a normal thermodynamic bulk water transition, adding that this 

confinement effect increases with decreasing pore radius.52 More recent 

publications by the groups of Ilgen have investigated the properties of water 

under nano-scale confinement.53 Via multiple analytical techniques Ilgem 

concluded a decrease in phase change temperatures, density and surface 

tension of the observed water. The effects, driven by alterations in the 

ÌÉÑÕÉÄȭÓ ÈÙÄÒÏÇÅÎ ÂÏÎÄÉÎÇȟ ÈÁÖÅ ÓÉÇÎÉÆÉÃÁÎÔ ÉÍÐÌÉÃÁÔÉÏÎÓ ÏÎ ÈÏ× ×Å ÖÉÅ× ÔÈÅ 

physical and chemical properties of liquids under confinement.  

The study of more complex confined systems have also been reported, 

including the study of confined hydrocarbons.50-52 This area is particularly 

studied due to the high impact in oil field development, because of the 

abundance of nanometre scale pores within shale rock.54 One such 

investigation by Nasrabadi et al., evaluated the contact angle between 

several hydrocarbons when confined in 10nm diameter channels. 

Concluding that a significant deviation, with an average difference of > 9 

degrees, from bulk measurements was obtained from that of the liquids 

when confined.55 In a recent publication by Dervin et al., the use of QENS with 

Molecular dynamic (MD) simulations was displayed to probe the structure of 

benzene confined in MCM-41.56 An advanced fully flexible model of the MCM-

41 pore, excluding the presence of the catalytic metals, was used to simulate 

the system. This study provided notable insights into the dynamics of 

benzene under confinement, with a decrease in the mobility of benzene 

molecules upon confinement in the meso-scale pores in compared with the 

mobility of the molecules within the bulk liquid. A change in molecular 

orientational preference upon confinement of the molecular liquids was also 

found. The most recent review of this field, by Zhang et al., has highlighted 

the many properties of hydrocarbons that are influenced by confinement, 

including but not limited to the density profiles, the surface tensions, fluid 

viscosity and fluid mobility of the liquids.57  
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Throughout the duration of a chemical reaction reactants, products and 

possible intermediates are present. Therefore, in the context of both catalytic 

reactions and confined liquids it is important to investigate confined liquid 

mixtures. Adidharma et al., have recently studied the criticality of a 

methane/ethane mixture confined in SBA-15 (nanoporous silica). Finding a 

much lower pressure for the supercritical region of the confined fluid 

mixture in comparison to the bulk fluid mixture - with a significant influence 

on the pore size on the shift of the critical point.58 Microphase separation of 

liquids, which under bulk conditions are fully miscible, have been discovered 

when such fluid mixtures are confined. This has been found by Swenson et 

al., and Morineau et al.59-60 

The understanding of the effect of confinement on liquid mixtures is 

limited, in comparison to that of single liquids. The study of such confinement 

influences throughout heterogeneous catalytic reactions is the focus of this 

thesis research. Increased understanding would enable better development 

and design for next generation selective hydrogenation catalysts. 

1.6.3 Combined techniques 

TNS is a valuable technique which allows for the study of a variety of 

systems. The technique, alongside the necessary data processing and system 

simulation, has been shown numerous times to provide information on 

system structures, size of co-ordination spheres, local ordering and 

orientation. Many techniques have been used in combination with neutron 

scattering data to provide further valuable information, including the system 

composition needed for data analysis. However, all of these techniques are 

used pre- or post- the neutron data collection experiment. The over-riding 

reason for the regular use of pre- and post- experimental sample analysis is 

due to radiation control procedures. These radiation restrictions often 

prevent the sampling of reactions during and shortly after neutron scattering 

investigations. As a result, analytical sampling methods that are commonly 

utilised in the general laboratory for liquid phase heterogeneous reactions 

such as gas chromatography (GC) and high-performance liquid 

chromatography (HPLC) are not suitable during neutron experiments. 
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The introduction of simultaneous in-situ techniques has the ability of 

providing this invaluable information. However, the introduction of in-situ 

and simultaneous use of spectroscopic techniques for analysis of neutron 

scattering experiments is extremely complex. This initiative requires a vast 

amount of design and planning, knowledge of apparatus and experience of 

experimental technique. As has been the case for the design and construction 

of previous equipment used in situ chemical studies. With this being stated, 

the knowledge that can be accumulated from these combined techniques far 

outweighs the disadvantages of complex experimental set up and design. In 

this project the design and construction of the innovative combined TNS and 

in-situ NMR technique (Neu-NMR) has been explored and initially optimised. 

The implications of this newly combined Neu-NMR technique, regarding 

heterogeneous catalysis, is that it allows for the improved study of reaction 

kinetics. Reaction kinetics are fundamental in the understanding of chemical 

processes. Studies into reaction rates have been vital in the development of 

heterogeneous catalysed industrial reactions, including investigations into 

the influence of various experimental conditions on rate processes and the 

determination of rate determining steps. Numerous works have been 

focused on obtaining kinetic information from neutron scattering studies, 

such as that by Hardacre et al., on the hydrogenation kinetics of toluene.61 

The technical set up of the system, the process of the catalyst filling and the 

implications of the difference in cell geometry between the NMR analysed 

and the neutron scattering analysed sample, needs to be carefully 

considered. With full optimisation, this technique could potentially be 

tailored to investigations far beyond heterogeneous catalysis, with the 

combined methods of neutron scattering and NMR attractive to many fields 

of applied research. 

TNS and NMR spectroscopy are two very powerful techniques 

individually. The use of the techniques as separate entities does not ensure, 

to the capabilities available by use of the optimised combined NeuNMR set-

up, the same environments or conditions of the distinct samples. Due to the 

inconsistent sample conditions it follows that the rates of reaction obtained 
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would not be coordinating. Hence, it would be erroneous to use 

compositional data acquired from an NMR experiment that is not run 

simultaneous to the TNS data in EPSR simulations based off of TNS attained 

data sets. 

 

  



37 

 

1.7  References  

1 K. J. Laidler, Pure Appl. Chem., 1996, 68, 149ɀ192. 

2 G. Hutchings, M. Davidson, R. Catlow, C. Hardacre, N. Turner and P. Collier, Modern 

Developments in Catalysis, World Scientific, Dordrecht, 2017. 

3 A. Behr and P. Neubert, Applied homogeneous catalysis, Wiley-VCH, Weinheim, 

2012. 

4 B. Cornils and W. A. Herrmann, J. Catal., 2003, 216 , 23ɀ31. 

5 D. J. Cole-Hamilton, Science, 2003, 299 , 1702ɀ1706. 

6 D. J. Cole-Hamilton and R. P. Tooze, #ÁÔÁÌÙÓÔ ÓÅÐÁÒÁÔÉÏÎȟ ÒÅÃÏÖÅÒÙ ÁÎÄ ÒÅÃÙÃÌÉÎÇ ȡ 

chemistry and process design, Springer, Dordrecht, 2006. 

7 M. (Michael) Bowker, The basis and applications of heterogeneous catalysis, Oxford 

University Press, 1998. 

8 S. A. H. Wilmot, Chemistry, society ÁÎÄ ÅÎÖÉÒÏÎÍÅÎÔ ȡ Á ÎÅ× ÈÉÓÔÏÒÙ ÏÆ ÔÈÅ "ÒÉÔÉÓÈ 

chemical industry, Royal Society of Chemistry, Cambridge, 2000. 

9 A. O. Jaeger, Ind. Eng. Chem., 1929, 21 , 627ɀ632. 

10 R. Imbihl, A. Scheibe, Y. F. Zeng, S. Günther, R. Kraehnert, V. A. Kondratenko, M. 

Baerns, W. K. Offermans, A. P. J. Jansen and R. A. van Santen, Phys. Chem. Chem. 

Phys., 2007, 9, 3522ɀ3540. 

11 J. H. Gary, G. E. Handwerk and M. J. Kaiser, 0ÅÔÒÏÌÅÕÍ ÒÅÆÉÎÉÎÇ ȡ ÔÅÃÈÎÏÌÏÇÙ ÁÎÄ 

economics, CRC Press, Baca Raton, 2007. 

12 Daily global crude oil demand 2006-2018 | Statistic, 

https://www.statista.com/statistics/271823/daily -global-crude-oil-demand-

since-2006/, (accessed 16 January 2018). 

13 J. Heveling, J. Chem. Educ., 2012, 89, 1530ɀ1536. 

14 A. T. Bell, Science., 2003, 299, 1688ɀ1691. 

15 T. Kandemir, M. Friedrich, S. F. Parker, F. Studt, D. Lennon, R. Schlögl and M. 

Behrens, Phys. Chem. Chem. Phys., 2016, 18, 17253ɀ17258. 

16 Z. A. Alothman, Materials., 2012, 5, 2874ɀ2902. 

17 D. Kumar, K. Schumacher, C. Du Fresne von Hohenesche, M. Grün and K. K. Unger, 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, Elsevier, 2001, 

188, 109ɀ116. 

18 E. Dündar-Tekkaya and Y. Yürüm, Int. J. Hydrogen Energy, 2016, 41 , 9789ɀ9795. 

19 W. Sangchoom and R. Mokaya, J. Mater. Chem., 2012, 22, 18872ɀ18878. 

20 S. A. Bagshaw and I. J. Bruce, Microporous Mesoporous Mater., 2008, 109 , 199ɀ

209. 



38 

 

21 E. P. Ng, J. Y. Goh, T. C. Ling and R. R. Mukti, Nanoscale Res. Lett., 2013, 8, 1ɀ8. 

22 S. E. Park, D. S. Kim, J. S. Chang and W. Y. Kim, Catal. Today, 1998, 44 , 301ɀ308. 

23 C. G. Wu and T. Bein, Chem. Commun., 1996, 8, 925ɀ926. 

24 C.-Y. Mou and H.-P. Lin, Pure Appl.Chem., 2000, 72, 137-146. 

25 D. Zhao, P. Yang, Q. Huo, B. F. Chmelka and G.. D. Stucky, Topological mesoporous 

111 materials, 2001, 111-121. 

26 Q. Cai, Z. S. Luo, W. Q. Pang, Y. W. Fan, X. H. Chen and F. Z. Cui, Chem. Mater., 2001, 

13, 258ɀ263. 

27 B. Kuchta, P. Llewellyn, R. Denoyel and L. Firlej, Colloids Surfaces A Physicochem. 

Eng. Asp., 2004, 241 , 137ɀ142. 

28 R. Ryoo, C. H. Ko, M. Kruk, V. Antochshuk and M. Jaroniec, J. Phys. Chem. B, 2000, 

104 , 11465ɀ11471. 

29 C. D. Williams, K. P. Travis, N. A. Burton and J. H. Harding, Microporous Mesoporous 

Mater., 2016, 228 , 215ɀ223. 

30 G. Martínez-Edo, A. Balmori, I. Pontón, A. M. Del Rio and D. Sánchez-García, 

Catalysts, 2018, 8, 617-679. 

31 X. Y. Hao, Y. Q. Zhang, J. W. Wang, W. Zhou, C. Zhang and S. Liu, Microporous 

Mesoporous Mater., 2006, 88, 38ɀ47. 

32 K. Vidya, S. E. Dapurkar, P. Selvam, S. K. Badamali and N. M. Gupta, Microporous 

Mesoporous Mater., 2001, 50, 173ɀ179. 

33 P. Atkins and J. de Paula, !ÔËÉÎÓȭ 0ÈÙÓÉÃÁÌ #ÈÅÍÉÓÔÒÙȟ υτÔÈ 2ÅÖÉÓÅÄ ÅÄÉÔÉÏÎ, Oxford 

University Press, 2014. 

34 D. B. Plewes and W. Kucharczyk, J. Magn. Reson. Imaging, 2012, 35, 1038ɀ1054. 

35 D. Weber, J. Mitchell, J. Mcgregor and L. F. Gladden, J. Phys. Chem. C., 2009, 113 , 

6610-6615. 

36 #Ȣ $ȭ!ÇÏÓÔÉÎÏȟ *Ȣ -ÉÔÃÈÅÌÌȟ -Ȣ $Ȣ -ÁÎÔÌÅ ÁÎÄ ,Ȣ &Ȣ 'ÌÁÄÄÅÎȟ Chem. - A Eur. J., 2014, 20 , 

13009ɀ13015. 

37 J. CHADWICK, Nature, 1932, 129 , 312ɀ312. 

38 Neutron scattering Materials research for modern life, 

https://stfc.ukr i.org/files/neutron -scattering-materials-research-for-modern-

life/, (accessed September 2020). 

39 R. Pynn, Neeutron Applications in Earth, Energy and Environmental Sciences, 

Springer, New-York, 2008. 

40 A. C. Hannon, in Encyclopedia of Spectroscopy and Spectrometry, Elsevier, 2016, 

pp. 88ɀ97. 

41 -Ȣ &ÁÌËÏ×ÓËÁȟ 0È$ ÔÈÅÓÉÓȟ 1ÕÅÅÎȭÓ 5ÎÉÖÅÒÓÉÔÙ "ÅÌÆÁÓÔȟ ςπρχȢ 



39 

 

42 M. Arai and K. Crawford, Neutron Imaging and Applications, Springer, New-York, 

2009. 

43 D. L. Price and F. Fernandez-Alonso, Experimental Methods in the Physical Sciences, 

2013, 44 , 1-136. 

44 D. A. Keen, J. Appl. Crystallogr., 2001, 34 , 172ɀ177. 

45 T. G. A. Youngs, H. Manyar, D. T. Bowron, L. F. Gladden and C. Hardacre, Chem. Sci., 

2013, 4, 3484. 

46 S. E. Mclain, D. T. Bowron, A. C. Hannon and A. K. Soper, Gudrun A computer 

program developed for analysis of neutron diffraction data, 

http://wwwisis2.isis.rl.ac.uk/Disordered/Manuals/gudrun/Gudrun_manual_2006.

pdf, (accessed September 2020) . 

47 A. K. Soper, Chem. Phys. Chem. Phys., 1996, 202 , 295ɀ306. 

48 M. K. Gupta, Practical Guide to Vegetable Oil Processing, Elsevier, London, 2017. 

49 S. K. Mukhopadhyay, Handbook of Tensile Properties of Textile and Technical 

Fibres, Woodhead Publishing Ltd, Cambridge, 2009. 

50 M. Saeys, M. F. Reyniers, M. Neurock and G. B. Marin, J. Phys. Chem. B, 2005, 109 , 

2064ɀ2073. 

51 K. Morishige and K. Nobuoka, J. Chem. Phys., 1997, 107 , 6965ɀ6969. 

52 E. W. Hansen, M. Sto and R. Schmidt, J. Phys. Chem., 1996, 100, 2195-2200. 

53 A. W. Knight, N. G. Kalugin, E. Coker and A. G. Ilgen, Sci. Rep., 2019, 8, 1-12. 

54 T. Pitakbunkate, P. B. Balbuena, G. J. Moridis and T. A. Blasingame, SPE  

Journal, 2016, 21, 621ɀ634. 

55 M. Alfi, D. Banerjee and H. Nasrabadi, Energy Fuels., 2016, 30 , 8962-8967. 

56 $Ȣ $ÅÒÖÉÎȟ !Ȣ *Ȣ /ȭ-ÁÌÌÅÙȟ -Ȣ &ÁÌËÏ×ÓËÁȟ 3Ȣ #Èansai, I. P. Silverwood, C. Hardacre 

and C. R. A. Catlow, Phys. Chem. Chem. Phys., 2020, 22, 11485ɀ11489. 

57 X. Liu and D. Zhang, J. Nat. Gas Sci. Eng., 2019, 68, 102901 1-21. 

58 X. Qiu, S. P. Tan, M. Dejam and H. Adidharma, Langmuir, 2019, 36, 11635-11642. 

59 A. R. Abdel Hamid, R. Mhanna, R. Lefort, A. Ghoufi, C. Alba-Simionesco, B. Frick and 

D. Morineau, J. Phys. Chem. C, 2016, 120 , 9245ɀ9252. 

60 K. Elamin, H. Jansson, S. Kittaka and J. Swenson, Phys. Chem. Chem. Phys., 2013, 15 , 

18437ɀ18444. 

61 M. Falkowska, S. Chansai, H. G. Manyar, L. F. Gladden, D. T. Bowron, T. G. A. Youngs 

and C. Hardacre, Phys. Chem. Chem. Phys., 2016, 18, 17237ɀ17243. 

 

  



40 

 

2 Bulk Hydrocarbon Liquid Mixtures  

2.1 Introduction  

2.1.1 EPSR literature 

Since the initial publication EPSR has been used extensively to probe TNS 

studies spanning numerous research areas. The original 1996 paper has over 

500 citations, as described by ScienceDirect at the time of writing, with the 

current version of EPSR, having contributions from a further 12 authors to A. 

K. Soper, also at the time of writing.  

The structure of many liquids have been studied by neutron diffraction 

data and EPSR simulations. For example, Sillrén et al. studied the 

temperature dependant structure of liquid 1-propanol, finding clusters of H-

bonded alcohols which become broader with decreased temperature.1 EPSR 

has also been used in conjunction with neutron diffraction data to study 

liquid mixtures, such as the structure of pyridine-acetic acid mixtures.2 

Through the modelling in this study by McCune et al., a description of the 

system was found where by the acetic acid forms oligomeric chains in the 

molecular state. With no evidence obtained through the EPSR modelling of 

proton transfer or ion pairing within the liquid, as was expected prior to the 

investigation.  

Similarly, EPSR is used for the simulation of solid materials. Glasses are 

one area studied in detail using this technique, such as the silicate and 

chalcogenide glasses studied by Weigel and Towey et al., respectively.3-4 In 

these studies the short and medium range structures, the distribution and 

coordination of the glass components were investigated. These studies 

provide support and understanding for the magnetic, optical, electronic, and 

thermodynamic behaviours and properties of the glasses.  

More relevant studies to the work ongoing in the present thesis have been 

published by Hardacre et al.5-8 The structure of several organic solvents, 

including benzene, cyclohexane and cyclohexene, were studied in bulk 

showing excellent agreement between the neutron scattering data and the 

EPSR simulations. By using EPSR the local structures were probed and radial 
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distribution functions (RDF), partial distribution functions (PDF), angular 

radial distribution functions (ARDF) and probability density functions of the 

molecular structures were calculated. 5, 6, 7, 8 

2.1.1 Hydrocarbon mixtures 

The local ordering of organic solvent mixtures, namely cyclohexane and 

benzene, has been investigated by TNS in this chapter.  The choice of these 

two liquids corresponds to literatures studies of the bulks liquids,5 (ii) and 

literature studies of benzene in confinement.9 As well as the investigations 

detailed in this thesis, confined catalytic hydrogenation of cyclohexane to 

benzene studied by Neu-NMR (Chapters 4 and 5) and the use of flow Neu-

NMR to study confined cyclohexane and benzene mixtures (Chapter 6).   

Table 2.1 ɀ Organic molecular liquid systems studied during the 21st century. 

Molecular liquids Reference 

Ethylbenzene 

Styrene 

Phenylacetylene 

 

Szala-Bilnik et al.8 

Toluene 

Benzene 

 

Headen et al.10 

Falkowska et al.5 

Cyclohexene 

Cyclohexane 

Methylcyclohexane 

 

Falkowska et al.5 

Ethylene glycol 

 

Abdelmoulahi et al.11 

Acetonitrile Pothoczki et al.12 

 

Current literature shows that TNS has been utilised to study a vast range 

of liquids and other disordered materials.  From simple monoatomic liquids 

such as argon, through more complex ionic liquid systems, to highly complex 

biological aqueous systems, the technique of TNS has provided numerous 
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insights into local structure, orientation, and co-ordination. Previous studies 

of molecular liquids are those most relevant to the investigations presented 

in this thesis of work. A review of these studies has been written by Adya and 

Neilson; however, this report was published in 1997 and a more updated 

version would be beneficial to this field.13 Table 2.1 details more recent 

studies of molecular liquid/fluid systems, specifically showing the most 

relevant studies of organic solvents.  

The scattering pattern obtained from a molecular liquid, correlates to an 

unresolvable sum of many scattering patterns detailing a substantial amount 

of pair distributions contributions. Due to this complexity, computer models 

are used to simulate and analysis the molecular liquids structure. The 

background into TNS and scattering contributions has been previously 

discussed in section 1.5.2 of the thesis. 

The complexity in the TNS scattering study of molecular liquids, is a result 

of the internal distortion and, therefore, the degree of flexibility of the 

molecules.14 This is compounded by the presence of multiple molecular 

conformations, particularly in liquids systems comprising of larger 

molecules. Benzene has a singular stable planar molecular conformation. 

Cyclohexane has two stable conformations, which are able to be isolated in 

pure form, the chair conformation and the twist-boat conformation.15-17 

Figure 2.1 displays the chair and twist-boat cyclohexane conformers. 15 16 17 

 

Figure 2.1 ɀ Chair and twist boat conformations of cyclohexane. Partly reproduced from 
reference 11, Weiser et al.  
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Further to this there is a distinct difference between the relative 

orientational behaviour of molecular liquids and their centre of mass - centre 

of mass separations. Figure 2.2 details the four recognised benzene 

orientations, parallel face to face, parallel displaced, perpendicular T shaped 

and perpendicular Y shaped. The orientational behaviour of benzene has 

been probed independently by Headen et al10., and Falkowska et al5., in both 

studies a combination of TNS utilising isotopic substitution in the molecules 

and EPSR was used.  This has also been used in the works detailed later in 

this chapter. The local structure of liquid cyclohexane was also thoroughly 

probed in the investigations by Falkowska et al., alongside cyclic solvents 

toluene, benzene, methylcyclohexane and cyclohexene.5 Figure 2.3 details 

the three recognised cyclohexane molecular orientations. 

The centre of mass-centre of mass (COM-COM) radial distribution 

functions have been investigated by both authors. For both benzene and 

cyclohexane bulk liquids, well-resolved sharp peaks indicate well-defined 

Figure 2.2 ɀ Recognised orientations of benzene, from left to right, parallel face-to-face, 
parallel displaced, perpendicular T shaped and perpendicular Y shaped. Image 
reconstructed from reference 4, Headen et al. 

Figure 2.3 - Recognised orientations of cyclohexane, from left to right, parallel face-to-face, 
perpendicular T shaped and perpendicular Y shaped. 
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positions in distance.  Table 2.2 details some of the key numerical findings 

from the Falkowska study pertaining from the radial distribution analysis.5 

The study by Headen et al., shows very similar findings for benzene, with the 

first co-ordination shell observed between 4.0 and 7.5 Å, a first shell 

maximum of 5.75 Å. A slightly lower nearest neighbour coordination of ~ 12 

molecules were noted in the study by Headen et al.10  

Table 2.2 ɀ Reproduction of COM-COM RDF finding by Falkowska et al. 5  

 

By analysis of the angular radial distribution functions molecular 

orientations as a function of distance are investigated.  Similar separation 

dependant orientational preferences were observed by both studies, with 

two distinct orientational regions found within the first coordination shell. 

For both liquids, a preference for perpendicular orientations between 

molecules is observed within the first co-ordination shell at longer distances, 

distances more than ~5 Å. At separations below ~5 Å parallel orientations 

are observed, parallel face to face and parallel displaced for cyclohexane and 

benzene respectively. The extent that the parallel molecular orientations are 

observed are different between the two liquids. At shorter distances the 

parallel orientations are dominant in benzene whereas in cyclohexane the 

parallel orientations are secondary to perpendicular orientations. 5, 10 

The local ordering of both liquids have been probed by spatial density 

functions, at length scales corresponding to the shorter and longer molecular 

distances, in the study by Falkowska et al.5 Below the distance cut-off for both 

liquids there is a preference for the molecules to stack above and below the 

plane of the rings, described ÁÓ Á ÄÅÎÓÉÔÙ ȬÈÁÌÏȭȢ 0ÁÒÁÌÌÅÌ ÍÏÌÅÃÕÌÅÓ ÁÒÅ 

Compound Position of 

1st shell 

maximum / 

Å  

Position of 2nd 

shell 

maximum / Å 

1st shell limit / 

Å 

1st shell 

coordination 

number 

Cyclohexane 6.2 10.8 8.3 12.8 

Benzene 5.9 10.3 7.9 13.4 
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observed closer to the central molecules than perpendicular molecules. For 

cyclohexane molecular density is placed directly above and below the ring, 

depicting the face-to-face parallel orientation. Accordingly, a shift in density 

above and below the ring the observed for benzene due to the parallel 

displaced molecular arrangement. In addition to density occupying the halo 

region, at the longer distances molecular density is found around the plane 

of the rings perpendicular to the C-C bonds.  

In addition to the structure of pure liquids, liquid mixtures are of interest 

due to known physical property deviations of mixtures in comparison to 

their respective bulk liquids. Alongside the extensive existence of such 

systems within chemical reactions. Benzene-cyclohexane mixtures are of 

particular interest to this investigation due to the later detailed studies of 

catalytic cyclohexane hydrogenation to benzene under confinement studied 

by Neu-NMR.  

A study by H. K. Ward in 1934 used X-Ray diffraction to exhibit the 

preferred spacings between benzene and cyclohexane mixtures. It was 

stated that the two diffraction peaks obtained in this investigation eluded to 

an emulsion type of solution.18 Structural and thermodynamic studies into 

the benzene-cyclohexane binary mixture have also been presented by 

Patterson, in a review of non-electrolyte mixtures.19 Patterson highlighted an 

unexplained degree of enthalpy-entropy contributions in the mixture, 

indicative of the structure present in the benzene bulk liquid being destroyed 

upon mixing with cyclohexane. 19 

Much more recently Guevara-Carrion et al., studied the transport 

properties and thermodynamic factors of several binary liquid mixtures, by 

use of rigid and non-polarizable molecular models of united-atom type. The 

paper details deviation from ideal mutual-diffusion behaviour, deviation 

from self-diffusion behaviour and deviation from shear viscosity ideal 

behaviour for benzene-cyclohexane mixtures.20  Milano et al., have used all-

atom molecular dynamics to study the local orientation in benzene-

cyclohexane mixtures alongside the respective pure liquids.21 The angular 

radial distribution functions of the pure liquids display agreeable 
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orientations to that described by Falkowska et al.5 This investigation of the 

ÅÑÕÉÍÏÌÁÒ ÍÉØÔÕÒÅ ÆÉÎÄÓ ÔÈÅ ÏÒÉÅÎÔÁÔÉÏÎ ÏÆ ÌÉËÅ ÍÏÌÅÃÕÌÅÓ ÔÏ ÂÅ ȬÓÕÂÓÔÁÎÔÉÁÌÌÙ 

ÕÎÃÈÁÎÇÅÄȭ ÔÏ ÔÈÏÓÅ ÉÄÅÎÔÉÆÉÅÄ ÉÎ ÔÈÅ ÐÕÒÅ ÌÉÑÕÉÄÓȢ &ÏÒ ÕÎÌÉËÅ ÍÏÌÅÃÕÌÅÓ Á 

preference for the face-to-face parallel is observed, recognised by the 

ÁÕÔÈÏÒÓ ÁÓ ȬÎÏÎ-ÓÈÉÆÔÅÄ ÓÁÎÄ×ÉÃÈȭ ÁÒÒÁÎÇÅÍÅÎÔȢ  

This chapter will detail the investigation of benzene-cyclohexane 

mixtures using models refined to TNS experimental data by use of EPSR. In 

addition to studying the equimolar 1:1 liquid mixture, mixtures of 1:3 and 

3:1 cyclohexane to benzene ratios have also been studied. 
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2.2 Experimental  

The experimental details have been provided by Dr M. Falkowska, Dr T. 

Headon and Dr T. G. A. Youngs, the experimentalists who performed the 

investigations. All experiments were performed using the Near and 

Intermediate Range Order Diffractometer (NIMROD) at the ISIS Pulsed Muon 

and Neutron Source, Oxford, UK. The remarkable value of NIMROD is the 

wide Q value range, 0 ɀ 50 A-1, accessed by this instrument. With total 

neutron scattering measuring both the coherent Bragg scattering and the 

diffuse scattering of the sample to study the long and short range structures 

of materials, this wide array in Q enables the systems studied be probed on 

length scales that span from mesoscopic to atomistic. For each sample 

ÓÃÁÔÔÅÒÉÎÇ ÄÁÔÁ ×ÁÓ ÁÃÃÕÍÕÌÁÔÅÄ ÆÏÒ Á ÍÉÎÉÍÕÍ ÏÆ τπ ʈ! ɀ approximately 1 

hour of counting time per sample. Scattering measurements of the empty 

sample cells, the empty diffractometer and a 3.0 mm thick vanadium 

standard sample were collected. These measurements enable the correction 

and normalisation of the data using the GudrunN software package.  

For each cyclohexane-benzene mixture studied TNS data of the fully 

protiated system, the fully deuterated system, an equimolar protiated: 

deuterated system, alongside several other isotopic mixtures was collected. 

Table 2.3 details these data sets. The multiple compositions studied exploits 

the isotopic contrast between hydrogen and deuterium. All chemicals, 

cyclohexane-h12, benzne-h6, cyclohexane-d12 and benzene-d6, were 

purchased from Sigma-Aldrich, now Merck KGaA. For each measurement a 

total volume of 1.8 mL of liquid were used. The liquid mixtures were loaded 

into flat plate Ti0.68Zr0.32 containers of internal dimensions 35 x 40 x 2 mm, 

with a wall thickness of 1 mm. Polytetraflouroethylene (PTFE) O-rings were 

used to seal the cells which were placed on an automatic sample changer. 

Measurements were taken at a maintained temperature of 298 ± 0.1 K using 

a recirculating water bath to control the temperature of the cell mounting 

frame.  
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Table 2.3 ɀ Liquid mixtures measured by total neutron scattering.  

Molar ratio molecule 1 molecule 2 

1:3 

cyclohexane-h12 benzene-h6 

cyclohexane-h12 benzene-d6 

cyclohexane-h6d6 benzene-h3d3 

cyclohexane-h6d6 benzene-d6 

cyclohexane-d12 benzene-h6 

cyclohexane-d12 benzene-h3d3 

cyclohexane-d12 benzene-d6 

1:1 

cyclohexane-h12 benzene-h6 

cyclohexane-h12 benzene-d6 

cyclohexane-h6d6 benzene-h3d3 

cyclohexane-h6d6 benzene-d6 

cyclohexane-d12 benzene-h6 

cyclohexane-d12 benzene-h3d3 

cyclohexane-d12 benzene-d6 

3:1 

cyclohexane-h12 benzene-h6 

cyclohexane-h12 benzene-d6 

cyclohexane-h6d6 benzene-h3d3 

cyclohexane-h6d6 benzene-d6 

cyclohexane-d12 benzene-h6 

cyclohexane-d12 benzene-h3d3 

cyclohexane-d12 benzene-d6 

 

The EPSR simulations analysed, herein, have been compiled and run by Dr 

M. Falkowska. For each mixture, the EPSR refinement was initialised from an 

equilibrated Monte Carlo simulation at 298 K containing 400 molecules in a 

cubic box. The density contributions of the hydrocarbons in the liquid 
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mixtures and the simulation box sizes are shown in table 2.4. Reference 

potential parameters for each hydrocarbon were taken from the OPLS-AA 

force-field. A combination of built-in EPSR routines and custom analysis 

codes were used to calculate structural properties. Table 2.5 presents the 

Lennard-Jones potentials and charges used in the EPSR simulations for both 

hydrocarbons. 

Table 2.4 -  Simulation box sizes, densities and number of molecules.  

Molar ratio Number of 

cyclohexane 

molecules 

Number of 

benzene 

molecules 

Overall box 

density / atoms Å-

3 

Cubic box 

length / Å 

1:3 100 300 0.0869 42.35 

1:1 200 200 0.0918 40.28 

3:1 300 100 0.0960 38.32 

 

Table 2.5 ɀ Lennard-Jones potentials and charges used in EPSR modelling of hydrocarbon 
mixtures. 

Molar ratio Atom ᾦ / kJ mol-1 ʎ Ⱦ B q / e 

Cyclohexane C 0.276 3.500 -0.120 

H 0.126 2.500 0.060 

Benzene C 0.293 3.550 -0.115 

H 0.126 2.420 0.115 
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2.3 Results 

2.3.1 Total structure factors 

The collected neutron diffraction data is shown together with the EPSR 

fitti ng of the cyclohexane-benzene mixtures in Figure 2.4. The data have been 

plotted up to a maximum Q of 30 Å-1 to better display the essential features; 

however, data was collected and refined to a 50 Å-1 limit. The fitting shown 

for each hydrocarbon ratio simultaneously satisfies the data collected from 

the 7 corresponding isotopic mixes. Excellent agreement is shown in all 

cases. There is a minimal amount of disagreement at Q values lower than 0.8 

Å-1 caused by errors in the inelasticity subtractions of the data, the 

refinement of the model over the interatomic and intermolecular length 

scales should be affected by this.  

Figure 2.4 ɀ The experimental total structure factor (black) and the corresponding EPSR fitting 
data of the cyclohexane: benzene ratios investigated ɀ 1:1 (red), 1:3 (blue) and 3:1 (green).   

The direct Fourier transform of the total structure factors and the fits 

obtained by the simulations are shown in Figure 2.5. The excellent 

agreement displayed between the data and the fits indicate that the models 

have been appropriately described by the EPSR reference potentials - having 

correctly reproduced the intramolecular and intermolecular correlations. 
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The EPSR refined models were used to calculate radial distribution functions, 

angular radial distribution functions and spatial distribution functions of the 

hydrocarbon mixtures.  

Figure 2.5 ɀ Direct Fourier transforms of the total structure factors (black) and the 
corresponding EPSR fitting data of the cyclohexane: benzene ratios investigated ɀ 1:1 (red), 
1:3 (blue) and 3:1 (green). 

2.3.2 Centre of mass ï centre of mass radial distribution functions 

The radial distribution function (RDF) describes the variation of density 

as a function of distance from a reference molecule or point in space. The 

coordinate output file of the simulated model allows for the calculation of the 

RDFs. From a histogram of molecules at the radial distances, the average 

density of species is calculated within a defined shell and divided by the 

average density of the given species. The RDFs displayed in this chapter, 

unless otherwise stated, are between the two species molecular centres of 

mass (COM-COM). By integrating the area below the first RDF peak, the 

coordination numbers for the first coordination shell were calculated for 

each species.  

Figure 2.6 displays the RDFs between the molecular centres of geometry, 

for like molecules and for molecules of unlike species, for the investigated 

cyclohexane-benzene mixtures. Table 2.6 displays the positions of the first 
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two shell maxima and the shell limits. The calculated individual species 

coordination numbers and the total coordination numbers are displayed in 

Tables 2.7 and 2.8. Herein, the primary denoted molecule is the central 

species and the secondary denoted molecule is the surrounding species of 

which the RDF is calculated for. 

Figure 2.6 - Radial distribution functions between the molecular centres of geometry for like 
cyclohexane molecules (red), like benzene molecules (blue) and dissimilar molecules (green), 
for all hydrocarbon ratios studied.  
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Table 2.6 - Positions of the first two shell maxima and the shell limits of COM-COM 
RDFs of benzene-cyclohexane mixtures.    

Molar 

ratio  

Molecular species 

(central - 

corresponding) 

Position of 1st 

shell 

maximum / Å 

1st shell 

limit / Å  

Position of 

2nd shell 

maximum / 

Å 

Relative 

Position of 

2nd shell 

maximum / 

Å 

1:1 Cyclohexane-

Cyclohexane 

6.3 8.3 10.7 1.7 

Benzene-Benzene 5.8 7.8 10.5 1.8 

Cyclohexane-

Benzene 

6.1 7.9 10.6 1.7 

Benzene-

Cyclohexane 

6.1 7.9 10.6 1.7 

1:3 Cyclohexane-

Cyclohexane 

6.2 8.1 10.8 1.8 

Benzene-Benzene 5.9 7.9 10.4 1.8 

Cyclohexane-

Benzene 

6.1 7.9 10.4 1.7 

Benzene-

Cyclohexane 

6.1 8.0 10.4 1.7 

3:1 Cyclohexane-

Cyclohexane 

6.2 8.1 10.8 1.8 

Benzene-Benzene 5.8 7.8 10.6 1.8 

Cyclohexane-

Benzene 

6.1 8.0 10.6 1.7 

Benzene-

Cyclohexane 

6.1 8.0 10.6 1.7 
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Table 2.7 ɀ Species dependant 1st shell coordination numbers calculated from COM-COM 
RDFs. 

Molar 
ratio  

1st shell coordination number 

Cyclohexane-
Cyclohexane 

Benzene-
Benzene 

Cyclohexane-
Benzene 

Benzene-
Cyclohexane 

1:1 6.9 6.0 6.2 6.2 

1:3 3.6 9.7 9.4 3.2 

3:1 9.6 3.0 3.0 9.0 

  

      Table 2.8 ɀ Total 1st shell coordination numbers calculated from COM-COM RDFs. 

Molar 
ratio  

Total 1st coordination shell 
around benzene molecules 

Total 1st coordination shell 
around cyclohexane molecules 

1:1 12.2 13.1 

1:3 12.9 13.0 

3:1 12.0 12.6 

 

A comparison of the centre of mass RDFs, between benzene-

cyclohexane mixtures shows minimal deviation from one another. In all 

cases the position of the 1st coordination shell maximum is at a shorter 

distance, g(r) ~ 5.8 Å, for benzene-benzene correlations than for either 

the like or unlike correlations with cyclohexane molecules. The furthest 

1st coordination shell maximum is found for interactions between like 

cyclohexane molecules in all cases, g(r) ~ 6.2 Å. The relative position of 

the 2nd shell maxima, in all cases, is found at 1.7-1.8 times the distance of 

the 1st shell maxima. These findings are consistent with previously 

reported studies of pure liquids by Falkowska et al.5 The 1st coordination 

shell maximum for unlike molecules have been consistently calculated at 

a length scale, g(r) ~ 6.1 Å, closer to that of like cyclohexane molecules 

than that of like benzene molecules. The results of the unlike COM-COM 

RDFs are in good agreement with the previous molecular dynamics 

studies of benzene-cyclohexane mixtures by Milano et al.21  
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The number of nearest neighbours identified in total is consistent for 

both molecular species, independent of the hydrocarbon mixture ratio. 

This first shell coordination number varies between 12.0 and 13.1 and is 

in line with the reported data by Falkowska,5 Headen10 and Milano21. The 

species ratio in the coordination shells is shown to be intrinsically 

proportional to the hydrocarbon mixture ratio. Irrespective of the central 

molecule type, the nearest neighbours in the first coordination sphere 

mirrors the overall hydrocarbon ratio of the mixture. To probe the local 

ordering of the liquid mixtures more thoroughly partial radial distribution 

functions have been investigated.  

2.3.3 Partial radial distribution function s 

The site-specific partial distribution functions analysing the distance 

between the molecular ring centres and approaching hydrogen atoms, are 

shown in Figures 2.7 and 2.8. Figure 2.7 specifically details those correlations 

in the 1:1 cyclohexane-benzene mixture. Figure 2.8 shows the same details 

for all investigated mixtures. 

Figure 2.7 ɀ The partial RDFs of cyclohexane COM ɀ benzene H (black), benzene COM ɀ 
cyclohexane equatorial H (blue) and the benzene COM ɀ axial H (green), for the 1:1 mixture 
ratio of cyclohexane : benzene.  




































































































































































































































































































































































































































































