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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. Thssitu
method enables timeresolved chemical composition to be obtained, an
improvement on traditional TNS experiments. As a result aordinating
kinetic data on the pseudestatic hydrogenation of benzene, using an MGM
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 intersities. A secondary continuous flow NeuNMR method
has been established to facilitate longer data collection times, this flow
system has been used to deposit cyclohexaienzene 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 simulationgparticularly 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 z studied by conventional total neutron
scattering procedures. In the confined systems where high benzene
concentrations are present, an increased preferencefparallel 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 Chemisyj ) 50! # qh E O OdeaebihetafeAl A
of reaction without modifying the overall standard Gibbs energy change in
OEA OAMB) Ar&vidihgdad alternate reaction mechanism with lower
activation energy and a different transition state, the use of a catalyst

increases the rate of reaction. This idemonstrated in Figure 1.1.

E, (no catalyst)

AN

AG

E, cat (with catalyst)

v

Reaction Progress

Figure 1.1 - Example raction energy diagram, with and without the presence ¢
AAOAT UOO &I O OEA OAAAOETT 8009

Due to the lower activation energy Ez) 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 reactantsMaxwell-Boltzmann distribution profiles show some
reasoning for the increased rate of reaction with the use of a catalyst and with

use of increased temperaturerespectively, as shown in Figures 1.2 and 1.3
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Higher fraction of molecules
with E = E, for the catalysed
reaction

Lower fraction of molecules
with E = E, for the un-
catalysed reaction

Number of Molecules

E,cat E,
Kinetic Energy, KE

Figure 1.2 z MaxwellBoltzmann distribution profile for a catalysed and an unatalysec
reaction, under the same conditions.

N
T,>T,

17y]
<
=
3 Lower fraction of
=) molecules with KE = E,
= T, for the T; reaction
o
o
—
o
sl
s r,
=

E,
Kinetic Energy, KE

_IIZ_igElj_re 1.3z MaxwellBoltzmann distribution for a reaction at temperatures ifand T. where
2>Th.
11 Ol h xEOEET OEA ) saalystis ok £fcbctardand i E O

Dol AOAO T A1Modgh GrAclyAnddi/édiindhe reaction as both a

reactant and product, the catalyst does not feature in the overall
stoichiometric equation. Equations 11a and 11b show this by presenting

how chlorine radicals react as a catalyst during the reaction of ozone
destruction. Equation 11c givesthe 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 irermediates, and

then the catalyst is regenerated?

14



o o v s 1.1a
0 O6&° 6 a8 0 ( )
a0 0 0O 68 O
(1.2b)

Overall reaction

O 0 4 qU
(1.1¢c)

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?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# This huge fieldis ordinarily divided into three classes, biecatalysis,
homogeneous catalysis and heterogeneous catalysBio-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 solidliquid, 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, wich contains substrates and
products, because of this all catalytic sites are said to be accessible. This is a
major benefit of homogeneous catalysifAlso beneficial is the specific tuning
of the enantio-, regio- and chemaselectivities that can be attaird using this
class of catalyst. This is achieved by varying the size, shape and the electronic
properties of the surrounding ligands, likewise affectinghe solubility of the

catalyst>¢ The major drawback, or challenge depending on the

15



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 irtensive process is not usually viable
when using homogeneous catalysts, as these catalysts are thermally sensitive
with some decomposing below423 K> 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

1.2.1Background to heterogeneous catalysis

Heterogeneous catalysis ithe key focus of this project, the understanding
of which is critical to many modernday industrial processes. Heterogeneous
catalysts are widely popular and have been utilised on a large scale for
chemical production from the mid-19t century; when the Deacon process
utilised a copper chloride catalyst as a step during the Leblanc process
manufacture of alkalis’-8 Other 19" and 20" century large scale processes
that may be more commonly known include; the contact process, where
OEEI 1 EDOG AEOAIT OAOU 1T AA O OEA PO AOAOE
the Ostwdd process, where nitric acid is manufactured using a platinum
based catalyst® and the HaberBosch process, where ammonia is produced
from nitrogen and hydrogen using an ironbased catalyst. From these early
commercialised processes, heterogeneous catalydimsed manufacture has
increased considerably. Modern day society is exceedjly reliant on fuels
which are produced using a variety of catalystsyia the cracking and
reforming processes of crudeoil.11 This process § of upmost importance to
global economics, even with the need for greener fuel sources and

technologies; the international demand for crudeoil continues to grow12

Heterogeneous catalysts are typicallgomprised of high surface area solid
catalyst supports, onto which an active component is disperseds nano-
sized particles. The characteristicallymetallic nano-particles vary from that
of expensive, and or, precious metalssuch 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 astber a
catalyst or catalyst promoteri3 The performance of the catalysts can be
senstive 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 nanopatrticles can change greatli# 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 metd particles, which would result in loss of active metal
surface area, reducing the overall activity of the catalysts. Fdhe best
performance, the nanoparticles should be optimally stable on the catalyst
supports. Stable binding of the metal increases tr#urability of the catalysts,
reduces the amount of costly metals lost through leaching and results in an
overall decrease of catalyst expenseg all of which are important for
industrial or commercialised processes. Theitally 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 hage influence
i1 OAAAOGEI T OAl AAQiEiOEsPayéddBthelCL cathlgsdd D1 A |
synthesis of methanol. Where the use of Cu supported on ZnO provides
preferential hydrogenation of CQ, 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 Zn@Cu synergy, is shown in a recent publication by Behreret

al.1s

The pore size distribution, the pore volume and the accessibility of the
pores are all vital characteristics of the suppdt which are inherently related
to the porosity of the material. Pores are classified into three categories
dependent on the diameter, micre, mese and macro-pores. Micropores are
AAEET AA AO EAOET ¢ A AEAI AOGAO T &£ s¢ 11n
pore diameter between 2 and 100 nm, with macropores having a pore
dEAT AOGAO I pnm 11 8 30OBantl QA0 pokek areomoktl ET C i
often exploited in catalysis, as these supports generally have higher surface

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

1.3.1Report in MCM -41

Mobil Crystalline Material (MCM41) is an ordered mesoporous silicate
material, used in this study as a catalyst support. MGMIL is a member of the
M41S family of mesoporous molecular sieves, first introduced in 1992 by
-TAET #1 OPI1 GHeBE MGV DIs ideAtiell ByGhe characteristic
regularly organised hexagonal array of cylindrical mesopores, which form a
one-dimensional pore system.Further characteristics of MCM41 include a
sharp pore distribution, elevated specific surface areg values reaching up
to 1200 m2gl, large pore volume > 1.0 ml-4, and the capacity to tune the size

of the macropores within the range of 1.5 10 nm.17-18
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Figure 1.4z Liquid templating/hydrothermal synthesis route to MCML1.

The conventional manufacture of such a hierarchically structured
material occurs through hydrothermal synthesis and a liquid templating
mechanism. Figure 1.4 details the conventional liquidemplating process.
Quaternary ammonium surfactants are utilized as the liquid templatanost
commonly cetyltrimethylammonium bromide. The surfactants form rod
shaped micelles in the synthesis solution, these micelles associate as
hexagonal arrays. Silicee sourcesare 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 K1° The final step in the synthesis is the calcination of the
OUl OEAOGEOAA DI xAAO8 #Al AET ACETT 1T AAOGOO
does this process removes any remaining surfactant or solvent from the
material via high temperature oxidation, the silica famework is condensed

by thermal condensation?°
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Many investigations into both novel and tailored methods of MCM1
synthesis have been reported. For example, Mutlt al. detailed a greener
method of MCM41 synthesis by using a multicycle approach in which the
synthesis mother liquor is recycled?! Microwave synthesis of the material
has been shown by several groups, includgthose of Kim and Beird2-23 In
these investigations the temperaturecontrolled microwave treatment of a
precursor gel is shown to produce samples of high quality. Beneficial 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 MCM1
particles, nanospheres, ordred silica rods and thin films?3-25 This small
snippet of the research in this area, shows only a miniscule amount of the

vast interest in such uniformly ordered materials.

The nature of the MCM41 walls on the nanoscale has been the subject of
studies by manty groups, including those of Firlegt al., and Kruket al. 27- 28
There is some debate as to whether the silica pore walls are entirely
amorphous or if partially crystalline regions are preseng® The popular
consensus is that MCML1 is a completelyamorphous 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 upmostimportanceto 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 thecomputational modelling of the
system,explored in Chapters 46, 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 wetnessmpregnation is the technique most
commonly usedfor 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 metalsalt dissolved in an aqueous solvent. This &dion 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 nonvolatile constituents.3° Other more novel
methods include direct templateion-exchange and metal entrapment after

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

1.4.1NMR spectroscopy Theory

NMR spectroscopyis 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), is a fixed
AEAOAAOAOEOOEA DPOT PAOOU 1 £ 33 WNudleOwith AOO
nuclear spin quantum number of a ¥z are excellent nuclei to observe by NMR,
giving sharp, defined peaks and easily observed 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 %2 include!H,1°F and3!Pandthese nuclei
are commonly studied by NMR. The nuclei dBC and?5Pt, amongst others,
also have quantum nuclear spin numbers of ¥2; these nuclei are less than
100% abundant but are also commonly studied!2C and®O 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
>14, some nuclei can be observed using NMR, kteir line widths are often

broader, andthe Jcoupling cannot always be resolved.
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Figure 1.5z Figure showing!H NMR theory.

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
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radio frequency (RF) regionof electromagnetic spetrum, nuclei will be
POl i 1T OAA &EOiI i OEA | OOAOA O1 OEA AgQAEC
AGEOAA OOAOA AAAE AT xInNMR sighaEiurg 1.500A OA
shows'H NMR theory.

The RF radiation needed to cause the excitation of distinct nuclées
dependent on the distinct chemical environment. Thereforgnuclei 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 deteriorationto equilibrium, is analysed
in two components. The first is the longitudinal (or spinlattice) relaxation
time Ty, associated with loss of signal intensity. The second is the transverse
(or spin-spin) relaxation time, associated with signal broadening I T1and
T> depend on the rotational and the translational motions of the sample
molecules. Spin-lattice relaxation, T, 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. T governs the maximum repetition
rate during acquisition; a short T enables the signal to be acquired faster.
T», is the loss of phase coherence or the randomisati of the spin directions
of the nuclei. The line width of the acquired spectra is dependent on;the

longer Tz the broader the spectral lines obtained*

1.4.2 NMR of confined liquids
NMR measurements of liquids confined in mesopores are typically

broader than the corresponding pure liguid measurements. This is due to the
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magnetic susceptibility of the different material phases present. The iTand
T, 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 byMR
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 intehof the present study- to combine total
neutron scattering and NMR to study heterogeneous catalysis, this is

discussed in section 1.635-36
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1.5 Neutron scattering

1.5.1Background 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 ChadwicR? Other physicists who were instrumental in the
development of nautron science were Enrico FermiErnest Wollan, Clifford
Shull and Louis Néel. Since these early Weopments, neutron science has
played a pivotal role in many physics, physical chemistry, crystallography,

biophysics and material research investigationg?

Neutron scattering is the scattering of free neutros by matter. As
neutrons are scattered by the nucleus of a sample as opposed to the electron
cloud, the technique is highly penetrative allowng for the investigation of
bulk samples. The interaction between the nucleus and the neutron is weak,
therefore the sample is nordestructive. 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 nuclé.As
a resultof this,only a small fraction of the neutron incider beam is scattered
by the sample and a weak signal is observed. Neutrenare scattered
isotopically, inequal probability in all directions, due to the weak interaction

of the neutron with the nucleuswhich is denoted asa point scatter.40

Current uses of theneutron scattering technique include measuring
atomic vibrations wusing inelastic neutron scattering investigating
significantly large polymer and colloid structures usingsmall angle neutron
scattering (SANS), studying material layers and interfaces using
reflectometly, investigating magnetism in materials through magnetic
scattering and probing the atomic structure of a molecules usinglastic

neutron scattering 41

There are two categories of neutron scattering facilities the st using a
nuclear reactor as a source of neutrons and the second producing neutrons
via a spallation source. Reactor sources, such as the Higlux Reactor (HFR)

at the Institut LauelLangevin (ILL) produce neutrons using the fission
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processz often the well-known fission process of235uranium.4? 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® Amonochromator stage is used
to sift the thermal neutrons; however, this results in a significant loss in flux

from the source.

Neutrons are producedvia a spallation processvhen high-energy protons
strike a solid target. An example of thisis at the ISIS pulsd muon and
neutron source, wherel AODOOT 1 O AOA DPOIT AOGAAA 11 AA
protons collide with a tungsten metal target. Constant cooling of the
synchrotron is necessary to disperse the heat produced from the proton
beam. Spdhtion sources offer the advantageous timef-flight (TOF)
method, due to the pulsed nature. The TOF method allows for the wavelength
_ of the neutron to be calculated using the timé 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 froeguation 1.4a,

where mis the mass of the neutronandhEO 01 AT AESO Al 1 O

5 % (1.4a)
O oY =

A major benefit of spallation sources is that they are inherentlgafer 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, whity is impossile to control and isinherently less safe

1.52 Total neutron scattering (TNS)
TNS is themain technique used in this project. The technique uses elastic

neutron scattering, where no change in energy between the scattered and
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the incident radiation is observed. Neutron scatteringoccurs 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 1.4busing the scattering angle
2' ,the angle is determired by the detector positions.Where _is the neutron
wavelength. Qis translated into distances,d by the reciprocal relationship
shown in equation 1.4c.Low Qvalues correspondto larger d spacings, with

higher Qvalues translating to smallerd spacings.

LT QE — (1.4b)

- (1.4c)
Q

In TNS a differential cross section is measured as a function of magnitude
of the momentum vector Q. This contains contributions fom 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
S (Q), are weidhed by the concentrations €, ¢ and the atomic scattering
lengths b, b for atoms h and i drhis is expressed asthe sum of all
correlations, with the Kronecker deltatn ; used to avoid double counting

atom pair terms.

~

&0 ¢ 1 AAAASZ D (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 fown in
equation 1.4e,where mis the atomic densityy is the distance from the central

atoms and g i(r) is a weighted sum of the pair distribution functions4-45

(1.4e)

Structural information of the entire system including both the Bragg and
the diffuse components is obtainedrom the RDFE From this the probability
of finding atoms at a defined distance 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 arereduced as the distance from that atom increasesyith
higher r values, hence there is a predisposition for the spectrum to tend to

unity. Figure 1.6 shows a typically RDF pattern.

g(r}

05—

Figure 1.6 - Radial distribution function calculated from liquid argon at 91.8 Keproducec
from reference 30, M. Falkowska

1.53 Data analysis
After data collection, there are the two suites of software &l for data

correction, refinement and modelling of TNS data,
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GudrunN is the main softwarepackageused for the reduction, correction
and processing oftime of flight TNS data. The software was written and is
maintained by Alan Sopey with further contributions from S.E McLain, D.T,
Bowron and A.C Hannor® The disordered materials group at ISIS
particularly the users of SANDALS, GEM, POLARIS and NIMR&iuments,
use GudrunN extensively. The GudrunN software is used for the removal of
instrument and sample backgrounds, for sample attenuation and multiple
scattering corrections. The sui¢ enables the data to be produced on an
absolute scale by normalising the collected data to a known standaggdfor
the NIMROD instrument the known standard is varmdium. Lastly the
software performs systematic reduction of inelasticity effects, which arise
from the presence of light elements. GudrunXhe associate softwareisused

for the reduction, correction and processing of Xay scattering data.
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Figure 1.7 - Outline of the theory basis for EPSR software simulations.
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.*” The basis of EPSR is to iteratively

derive a 3D model structure based on known chemical and physical
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restraints towards agreement wth experimental diffraction data, with the
use of neutron diffraction and Xray 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 ointerest. Figure 1.7

shows the foundation of EPSR.
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1.6 Project aims

1.6.1 Hydrocarbon hydrogenation reactions

Unsaturated
hydrocarbon

2 G Hydrogen
g g
y J

J

e N

After H-H bond breaks, H atoms
migrate along metal surface

Saturated Y
hydrocarbon &
b A W
Hydrogenation occurs on metal Saturated hydrocarbon desorbs
surface from metal surface

H, and hydrocarbon absorbed on
metal surface

Figure 1.8 - The general steps of a metal catalysed heterogeneous hydrogenation reaction.

Hydrogenation reactions are of great importance to current society due to
the large presence in both the petrochemical and food industries. Thargest
current scale of hydrogenation is used in the production of margarine and
semi-solid fats from liquid vegetable oils*® The majority of hydrogenation
reactions utilise catalysis, as H 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, \th 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. ytirogen atoms migrate along the metal
species surface after the HH 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
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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 precursor in the production of adipic acid and
caprolactam#® The hydrogenation of benzene is the firsteaction 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> Experimentally minimal
intermediate products have been observed with the use of transition metal
catalysts, minimising the complexity of the system? Figure 1.9 displays the

hydrogenation of benzenan the structural formula form.

benzene cyclohexane

Figure 1.9z Structural formula form of the benzene hydrogenation reaction.

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 scalenvironment. The
confinement of liquids in solid materials is abundant in the field of
heterogeneous catalysig where often reagents and products react inside the
pores of solid materials. It is important that confinement effects are
understoodwithmaE | O Ai PEAOEO 11 OEA EiI PAAO
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 tk subject of multiple studies. Over two decades ago
Nobuikaet 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 behaviar expected of bulk

water. However, the interfacial water, the water confined between the
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surface of the pore and the core ice, required lower temperatures before

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

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

not a normal thermodynamic bulk water transition, adding that this
confinement effect increases with decreasing pore radiuS. More recent

publications by the groups of ligen have investigatedie properties of water

under nano-scale confinemeng? Via multiple analytical techniques llgem

concluded a decrease in phase change temperatures, density and surface

tension of the ob®rved water. The effects, driven by alterations in the

Il ENOEAGO EUAOT CAT AT TAET Ch EAOA OECIT E £&£E

physical and chemical properties of liquids under confinement.

The study of more complex confined systems have also been oeted,
including the study of confined hydrocarbong%-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. One sud
investigation by Nasrabadiet al., evaluated the contact angle between
several hydrocarbons when confined in 10nm diameter channels.
Concluding that a significant deviation, with an average difference of &
degrees, from bulk measurements was obtainedrdm that of the liquids
when confined>5 In a recent publication by Dervinet al., the use of QENS with
Molecular dynamic (MD) simulations was displayed to probe the structure of
benzene confined in MCM11.56 An advancedully 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 mesescale pores in compared with the
mobility of the molecules within the bulk liquid. A change in molecula
orientational preference upon confinement of the molecular liquids was also
found. The most recent review of this fil, by Zhanget 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 5’
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Throughout the duration of a chemical reaction reactants, products and
possible intermediates are present. Thereforgin 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 SBA15 (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 poin® 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 Morineauet al>9-60

The understanding of the effect of confinement on liquidnixtures 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 fornext 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 numesus times to provide information on
system structures, size of ceordination 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 overiding
reason for the regular use of preand 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 heterogerous reactions
such as gas chromatography (GC) and higrerformance 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 usedin situ chemical studies. With this being stated,
the knowledge that can be accumulated from these combined techniques far
outweighs the disadvantages oEomplex experimental set up and design. In
this project the design and construction of the innovative combined TNS and

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

The implications of this newly combined NeeNMR technique, rgarding
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 ctalysed 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 attering studies,
such as that by Hardacreet al., on the hydrogenation kinetics of toluené?!
Thetechnical 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 techmiies
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 comwlitions 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 atdi

data sets.
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2 Bulk Hydrocarbon Liquid Mixtures
2.1 Introduction

2.1.1 EPSR literature

Since the initial publication EPSR haseen 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 autirs 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, Sillréat al. studied the
temperature dependant structure of liquid 1-propanol, finding cluste's of H
bonded alcohols which become broader with decreased temperatufeEPSR
has also been used in conjunction with neutrordiffraction data to study
liquid mixtures, such as the structure of pyridineacetic acid mixtures?
Through the modelling in this study by McCuneet 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 studd by Weigel and Towe)et al.,respectively3-4 In
these studies the short and medium range structures, the distributin 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 irthe present thesis have been
published by Hardacreet al>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 simulaons. By using EPSEhe 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

2.1.1 Hydrocarbon mixtures

The local ordering of organic solvent mixtures, namely cyclohexane and
benzene, ha been investigated by TNS in this chapter. The choice of these
two liquids corresponds to literatures studies of the bulks liquids, (i) and
literature studies of benzene in confinement. As well as the investigations
detailed in this thesis, confined catalytic hydrogenation of cyclohexane to
benzene studied by NetNMR (Chapters 4 and 5) and the use of flow Neu

NMR tostudy confined cyclohexane and benzene mixtures (Chapter 6).

Table2.1 z Organic molecular liquid systems studied during thesdentury.

Molecular liquids Reference
Ethylbenzene SzalaBilnik et al8
Styrene
Phenylacetylene
Toluene Headenet al.10
Benzene Falkowskaet al>
Cyclohexene Falkowskaet al®

Cyclohexane

Methylcyclohexane

Ethylene glycol Abdelmoulahi et al.1t

Acetonitrile Pothoczkiet 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 ceordination. Previous studies
of molecular liquids are thase 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!3 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 deting 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 insection 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!* This is compounded by the presence fomultiple 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?s-17

Figure 2.1 displays the chair and twistboat cyclohexane conformers.

chair twist-boat
a a
H, = axial position
jie e H. = equatorial position
; a = pseudo-axial position
i . .
e e e = pseudo-equatorial position
i = isoclinal position
a a

Figure 2.1 z Chair and twist boat conformations of cyclohexane. Partlgproduced from
reference 11, Weiser et al.
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Figure 2.2 7 Recognised orientations of benzene, from ladt right, parallel faceto-face
parallel displaced, perpendicular T shaped and perpendicular Y shaped. |
reconstructed from reference 4, Headen et al.

r,_g ¥ g ¥ q
¢ ¢ vée NN
¢ ¢

€

Figure 2.3 - Recognised orientations of cyclohexane, from left to right, parafbdeto-face
perpendicular T shaped and perpendicular Y shaped.

Further to this there is a distinct difference between the relative
orientational behaviour of molecular liquids and their centre of masscentre
of mass separations Figure 2.2 details the four recognisedbenzene
orientations, parallel face to face, parallel displaced, perpendicular T shaped
and perpendicular Y shaped. The orientational behaviour of benzene has
been probed independently by Headewet al'°., and Falkowskaet aP., 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 Falkowskaet al., alongside cyclic solvents
toluene, benzene, methylcyclohexane and cyclohexehdigure 2.3 details

the three recognised cyclohexane molecular orientations.

The centre of masscentre of mass (COMCOM) radial distribution
functions have been investigated by both authors. For both benzene and

cyclohexane bulk liquids, welresolved sharp peaks indicate wetdefined
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positions in distance. Table 2.2 details some of é¢hkey numerical findings
from the Falkowska study pertaining from the radial distribution analysis?
The study by Headeret al., shows very similar findings for benzene, with the
first co-ordination shell observed between 4.0 and 7.5A, a first shell
maximum of 5.75 A. A slightly lower nearest neighbour coordination of ~ 12

molecules were noted in the study by Headeet al.10

Table2.2 z Reproduction of COMOM RDF finding by Falkowska etal.

Compound Position of  Position of 2d  1stshell limit/  1st shell
1stshell shell A coordination
maximum /  maximum /A number
A
Cyclohexane 6.2 10.8 8.3 12.8
Benzene 5.9 10.3 7.9 134

By analysis of the angular radil 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 ceordination shell at longer distances,
distances more than ~5 A. At separations below ~5 A parallel orientations
are observed, parallel fae 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 wheras in cyclohexane the

parallel orientations are secondary to perpendicular orientations?:10

The local ordering of both liquids have been probed by spatial density
functions, at length scales corresponding to the shorter andhger molecular
distances, in the study by Falkowskat al.> Below the distance cutoff for both
liquids there is a preference for the molecules to stack above and below the

-

plane of the rings, describedAO A AAT OEOU OEAI T 88
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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 faceto-face parallel orientation. Accordinglya 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 pependicular to the GC 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
sysems within chemical reactions. Benzen&yclohexane mixtures are of
particular interest to this investigation due to the later detailed studies of
catalytic cyclohexane hydrogenation to benzene under confinement studied
by NeuNMR.

A study by H. K. Wardn 1934 used XRay 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 solutiont® Structural and thermodynamic studies into
the benzenecyclohexane binary mixture have also been presented by
Patterson, in a review of norelectrolyte mixtures.1® Patterson highlighted an
unexplained degree of enthalpyentropy contributions in the mixture,
indicative of the structure present in the benzene bulk liquid being destroyed

upon mixing with cyclohexane 19

Much more recently GuevareCarrion et al., studied the transport
properties and thermodynamic factors of several binary liquid mixtures, by
use of rigid and nonpolarizable molecular models of unitedatom type. The
paper details deviation from ideal mutuatdiffusion behaviour, deviation
from self-diffusion behaviour and deviation from shear viscosity ideal
behaviour for benzenecyclohexane mixtures?® Milano et al.,have used aH
atom molecular dynamics to study the local entation in benzene
cyclohexane mixtures alongside the respective pure liquidd. The angular

radial distribution functions of the pure liquids display agreeable
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orientations to that described by Falkowskeaet al> This investigation of the

ANOGEI T1 AO 1 EGOOOA EET AO OEA 1 OEAT OAOQET I

Ol AEAT CAA8 O1F OET OA EAAT OEZEAA EIT OEA

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

AOOGET OGOBBAOAAT OAT AxEAES AOOAT CAl AT O8
This chapter will detail the investigation of benzenecyclohexane

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

addition to studying the equmolar 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 perfeed 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, Oz 50 A-1, accessd 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 inQenables the systems studied be probedn

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

s o~ s oA A s o~ o~ o~ s o~

OAAOOAOET ¢ AAOA xAO AAAOI Gppldrdaikly EI O A

hour of counting time per sample. Scattering measurements of the empty
sample cells, the empty diffractometerand 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 cyclohexandenzene 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,
cyclohexanehis, benznehs, cyclohexanedi, and benzeneds, were
purchased from SigmaAldrich, now Merck KGaAFor each measurement a
total volume of 1.8 mL of liquid were used. The liquid mixtures were loaded
into flat plate Tio.esZro.32 containers of internal dimensions 35 x 40 x 2 mm,
with a wall thickness of 1 mm. Polytetraflouroethylene (PTFE) @ings 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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Table2.3 z Liquid mixtures measured by total neutron scattering.

Molar ratio molecule 1 molecule 2
cyclohexanehi2 benzenehe
cyclohexanehi benzeneds

cyclohexaneheds benzenehzds
1:3 cyclohexaneheds benzeneds
cyclohexanedi2 benzenehe
cyclohexaned:? benzenehzds
cyclohexaned: benzeneds
cyclohexanehi2 benzenehe
cyclohexanehi benzene-ds
cyclohexaneheds benzenehzds
11 cyclohexanehsds benzeneds
cyclohexaned:? benzenehs
cyclohexaned:? benzenehzds
cyclohexaned:? benzeneds
cyclohexanehi benzenehs
cyclohexanehi benzeneds
cyclohexaneheds benzenehzds
31 cyclohexaneheds benzeneds
cyclohexaned:. benzenehs
cyclohexaned:. benzenehzds
cyclohexaned:. benzeneds

The EPSR simulations analysed, herein, have been compiled and run by Dr
M. Falkowska. For each mixture, the EPSR refinement was initialisedm 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 eachhydrocarbon were taken from the OPLSAA
force-field. A combination of builtin 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 simulatiomsifoth

hydrocarbons.

Table24 - Simulation box sizes, densities and number of molecules.

Molar ratio Number of Number of Overall box Cubic box
cyclohexane benzene density / atoms A length / A
molecules molecules 3
1:3 100 300 0.0869 42.35
1:1 200 200 0.0918 40.28
31 300 100 0.0960 38.32

Table25 z Lennard-Jones potentials and charges used in EPSR modelling of hydrocarbon
mixtures.

Molar ratio Atom & kJ moht K T B qle
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 cyclohexanebenzene mixures in Figure 2.4. The data havieeen
plotted up to a maximum Q of 30 Ato better display the essential features;

however, data was collected and refined to a 50-Rimit. The fitting shown

for each hydrocarbon ratio smultaneously 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

A1 caused by errors in the inelasticity subtractions of thedata, the

refinement of the model over the interatomic and intermolecular length

scales should be affected by this.

3:1 cyclohexane to benzene

1:3 cyclohexane to benzene

F(Q) / barns sr' atom™

1:1 cyclohexane to benzene

0 5 10 15

20 25 30

Q/A"

Figure2.4z The experimental total structure factor (black) and the corresponding EPSR fitting
data of the cyclohexandaenzene ratios investigated 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 thfits indicate that the models

have been appropriately described by the EPSR reference potentialsaving

correctly reproduced the intramolecular and intermolecular correlations.

50



The EPSR refined models were used to calculate radial distribution functions
angular radial distribution functions and spatial distribution functions of the

hydrocarbon mixtures.

5
o4 3:1 cyclohexane to benzene

44 A“x\w

g

S

& 5 1:3 cyclohexane to benzene

O —

=

L
14
0 1:1 cyclohexane to benzene
-1 ' T ; T ’ T 2 1

0 5 10 15 20
r/ A

Figure 2.5 z Direct Fourier transforms of the total structure factors (black) and the
corresponding EPSR fitting data of the cyclotame: benzene ratios investigateg1:1 (red),
1:3 (blue) and 3:1 (green).

2.3.2 Cente of mass centre of mass radial distribution functions

The radial distribution function (RDF) describes the variation of density
as a function of distance from a refenece 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 divideldy 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 (COMCOM). By integrating the area below the firsRDF peak the
coordination numbers for the frst 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 ofinlike species, for the investigated

cyclohexanebenzene mixtures Table 2.6 displayshe 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 am the secondary denoted molecule is the surrounding species of

which the RDF iscalculated for.

—— cyclohexane - cyclohexane
cyclohexane - benzene

benzene - cyclohexane
—— benzene - benzene
3:1 cyclohexane to benzene
6 =
—\

\;'., 4 1:3 cyclohexane to benzene
2 -

1:1 cyclohexane to benzene
0 =

1
0 20

10
ri A

Figure 2.6 - Radial distribution functions between the molecular centres of geometry for like
cyclohexane molecules (red), like benzene moles (blue) and dissimilar molecules (green),
for all hydrocarbon ratios studied
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Table2.6 - Positions of the first two shell maxima and the shell limits of GO®IM
RDFs of benzereyclohexane mixtures.

Molar Molecular species Position of 3  1st shell Position of Relative
ratio shell limit / A 2nd shell Position of
(central maximum / A maximum / 2nd shell
corresponding) A maximum /
A
11 Cyclohexane 6.3 8.3 10.7 1.7
Cyclohexane
BenzeneBenzene 58 7.8 105 1.8
Cyclohexane 6.1 79 106 1.7
Benzene
Benzene 6.1 79 10.6 1.7
Cyclohexane
1:3 Cyclohexane 6.2 8.1 10.8 18
Cyclohexane
BenzeneBenzene 5.9 79 104 18
Cyclohexane 6.1 79 104 1.7
Benzene
Benzene 6.1 8.0 104 17

Cyclohexane

3.1 Cyclohexane 6.2 8.1 10.8 18
Cyclohexane
BenzeneBenzene 5.8 7.8 10.6 1.8
Cyclohexane 6.1 8.0 106 1.7
Benzene
Benzene 6.1 8.0 10.6 1.7

Cyclohexane
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Table 2.7 7z Species dependanttishell coordination numbers calculated from COROM
RDFs.

Molar 1stshell coordination number
ratio
Cyclohexane Benzene Cyclohexane Benzene
Cyclohexane Benzene Benzene Cyclohexane
1:1 6.9 6.0 6.2 6.2
1:3 3.6 9.7 94 3.2
31 9.6 3.0 30 9.0

Table2.8 z Total 1stshell coordination numbers calculated from COG8OM RDFs.

Molar Total 1st coordination shell Total 1st coordination shell
ratio around benzene molecules around cyclohexane molecules
11 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
cyclohexanemixtures shows minimal deviation from one another. In all
cases the position of the 1st coordination shell maximum is at a shorter
distance, gt) ~ 5.8 A, for benzenebenzene correlations than for either
the like or unlike correlations with cyclohexane molecules. The furthest
1st coordination shell maximum is found for interactionsbetween like
cyclohexane molecutsin all casesg(r) ~ 6.2 A. The relative position of
the 2nd shell maxima in all casesis found at 1.71.8times the distance of
the 1st shell maxima. These findings are consistent with previously
reported studies of pure liquids by Falkowskeaet al> The 1st coordination
shell maximum for unlike molecules havebeen consistently calculated at
a length scale, g(r) ~ 6.1A, closer to that of like cyclohexane molecules
than that of like benzene molecules. The results of the unlike CEGGOM
RDFs arein good agreement with the previous molecular dynamics

studies of benzenecyclohexane mixturesby Milano et al21
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The number of nearest neighbours identified in total is consistent for
both molecular species, independent of the hydrocéon mixture ratio.
This first shell coordination number varies between 12.0 and 13.1 and is
in line with the reported data by Falkowska; Headert® and Milanc?l. 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 irthe 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 cyclohexanebenzene mixture. Figure 2.8 shows the same details

for all investigated mixtures.

Figure 2.7 Z The partial RDFs of cyclohexane C@Menzene H (black), benzene CQl
cyclohexane equatorial H (blue) and the benzene CQakial H (green), for the 1:1 mixte
ratio of cyclohexane : benzene.
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