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Abstract

Matrix Isolation Infrared Spectroscopy has been prepd as an alternative
for detection and quantification of sigpecific isotopic signals. -Bydroxy-3-
methoxy benzaldehyde (vanilling usedn an attempt to make use of its asymmetry
and distinguish between the vibrations of its three functional groups, assigning
structural effects to specific locations in the molecule. After achiemmgpparent
nearisolated statethe role of isotopic ginals in the resulting splitting effects of the
predicted isolategpeak structure are discussed, as well as possible significant
contributions from conformational, aggregation and steric effects from the matrix on
the guest molecule. Density Functionaledhy is considered as a method of
simulating and predicting the behaviour of the molecule in the isolated phase, and
simulated spectra are produced to attempt to replicate and assign the observed
phenomena, predicting the positions and intensities of pgotpeaks based on
natural isotopic abundances, and estimated conformer populations calculated from
the energy levels of each structure.

In a novel experiment to observe changes in momentum distributions in a
solution of polyN-isopropyl acrylamide (pNRAAm) passing through a temperature
induced phase change, deuterated polymer/ solvent mixtures were studied on the
VESUVIO instrument at the ISIS RAL facility, and the analysis of that data is
presented. pMRPAAmM and related compounds displaycatical temperature for
solvationabovewhich theyprecipitagé due to competition betweeolventpolymer
H-bonding versednternal H-bonding structurethough better stabilised by the
additional hydrophobic effects of methanglure water solvation shows this
behaviour. It is alditionally seen thathe mixture of water and methanol results in a
depressiorof this Lower Critical Solution TemperaturdéCST) relative to the pure
solvents, thought to be due to solwentvent interactionslimiting solvent
availability to the polymer Deuterium labels wernatroduced in neutron scattering
experiments, andxpected to show sigitant momentum change with thiellapse
of hydrogen bonding.
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Preface

Several weHknown techniques exist for the determination of isotopic ratios
in samplesthe most famous of which is undoubtedly Mass Spectromesoyopic
signalsin MS are typically only recorded as a single tggapulation figure for the
entire sample, but other techniques can make use of isotopic ladvelhe
determination of structual and systematicfeatures in a molecular system.
Conversely, a technique such as Specific Natural Isotope Fractionation Nuclear
Magnetic Resonance Spectrometry (SWNIMR) can provide some structural
information, but is of notably low sensitivity reiing high concentrations of
functional groups that can be modified to give an appropriate signal. This reliance
on large concentrations of chemically modified functional groups makes NMR
techniqus' a complicated proposition in a conventional laboratory setting, and
makes the technique of limited use in identifying naturally occurring levels of

isotopic abundance.

Both mass spectrometry and SNIIMR require extensive training for
operation and intpretation of results, and can come with a significant cost in both
time and operating expense. This text builds on the ideas introduced in the earlier
2009 Masteros Thesis to discuss Matrix |
accessible alternat. Infrared is an obvious choice for the detection of isotopic
species because of the dependency of vibrational frequency on the masses of the
vibrating atoms involved. Such measurements are not normally possible in the solid
or liquid phases because olfie degree of interaction between neighbouring
molecules (hydrogen bonding, instantaneous interactions and so forth) giving a
broadening effect on the bands observed. At the other extreme, gaseous samples
show significant numbers of nabrational trangions which when not fully resolved
have a similar effect on the resulting peaks in the sample. Matrix isolation was
proposed as a compromise between the two

solutiondéd of sampl e mo lhercallyirert At@ms (argonn a s
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in this case). The resulting structure should show the characteristic sharp peaks of
the gas phase, but lack significant contributions from thé@m@tional components

of those spectra. The invention of this techniqueaslited to G.C. Pimentel, late of
Berkley University California; a full library of his works can be found in refezénc

This thesis begins with a discussion of the potential effects generated in
vibrational techniques such as infrared and Raman sgeopy by matrix isolation.
In the following experimental method and discussion we attempt to show the
development of a Matrix Isolation system capable of resolving vibrational structure
of the order necessary to distinguish between contributions ofahtfesotopes in a
common molecule of relatively small size. The principle target of this work is the
molecule 4hydroxy-3-methoxy benzaldehyde, more commonly known as Vaillin
This species is comparatively small consisting of 19 atoms, and has tfiezendi
functional groups (comprised entirely of carbon, hydrogen and oxygen) that are
easily distinguished in the infrared. By attempting to refine the matrix isolation
procedure it was hoped that samples showing signals attributable to isotopic
populatons in the functional groups of the molecule would be observable using IR
spectra collected with a conventional laboratory instrument. Vanillin was initially
chosen as a sample species as a compromise between being small enough to easily
interpret the radting vibrational data in the isolated phase and minimise the number
of possible conformer contributions in the spectrum, and hopefully being large
enough to avoid significant splitting effects in the signals produced by the packing
arrangement of atoms the argon lattice. As will be discussed later o€lvaptes
1, 3aand3b, neither of these properties proved to be ideal, and the resulting spectra

were much more complex than was first anticipated.

In addition to the applications to static systemsgtrix isolation techniques
can be used to allow controlled rates of reaction between species by annealing the
host material. Unlike the two techniques mentioned earlier, an isotopically
substituted sample used in vibrational spectroscopy will retairostindentical
chemical properties to the normal species (mass spectrometry fractionates the

molecule, and SNHNMR relies on the derivitisation of functional groups with the
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correct spin labelling for detection): the ability to scan a sammg$itu, andthen to
potentially observe it during a reaction proéeissvery valuable, and adds to the
potential of matrix isolation IR by leaving the possibility of following reaction
mechanisms by isotopic labelling of specific functional groups. This aspece of th

technique has not been addressed in this thesis, but is worthy of future consideration.

Following this experimental work is an extensive section dealing with the
simulation of the vibrational properties of vanillin, attempting to reconcile the peak
distributions observed experimentally with the possible roles played by the
restrictions found in the solid phase crystal structure, and in the apparent packing
effects experienced in the matrix. These simulations were performed using the
Gaussian 09suite to calculate the properties of the molecular system using Density
Functional Theory (DFF)"2. It was hoped that, by combining the weighted results
of vibrational spectrum simulations for the most common stable structures and
isotopomers of vanillin itvould be possible to determine the origin of each feature
seen in the matrix isolated spectra. At present insufficient data is available to make
such concrete assignments, but the system shows promise that with further
refinement of the experimental tedtppe assignments of peaks of natural isotopic
abundance in such spectra may be a potential alternative to the more cumbersome

methods available.

Vibrational techniques are not the only field in which isotopic information
may be useful in the determinatiaf sample structure properties; the VESUVIO
Deep Inelastic Neutron Scattering instrument operated at the ISIS facility at
Rutherford Appleton Laboratories in OxfordsHit&!! offers the chance to use
targeted isotopic substitutions to explore the mowmmandistribution of atoms in
samples. During collisions between particles of any given mass there is a transfer of
both energy and momentdft*** by measuring the characteristic ti&flight for
neutrons of a given energy scattering from differentiglas (i.e. atoms) in a sample,
it is possible to calculate how much momentum they hia@resferred and thus how
much the atomsave Conventional measurements on this instrument are typically

made on samples containing only one isotopic species (hydrogen or deuterium), and
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most frequently on samples in the solid phase (though not exclusively, sgiven

the extensive measuremettiat have been taken of water systems). In a break from
this pattern the two experiments performed on the instrument detailed here involve
liquid samples containing both H and D, in a novel application of this technique to
try and observe the presumed rpa in momentum distribution caused by the
temperatureanduced phase change in solvated gdhsopropyl acrylamide
(PNIPAAM), and to understand the properties of the mixed solvent system in which

it takes place.

The phase change in question is an unusuna&l, frequently displayed by
related compounds, known as the Lower Critical Solution Temperature (ECST)
The polymer is believed to be held in solution by the combination of hydrophobic
and hydrophilic interactions, and is thus fully solvated by metheaat all
temperatures; the polymer is also well solvated by water below ~25°C, but above
this temperature it is believed that the solweotymer hydrogen bonding
i nteractions are weakened enough to be
hydrogen bondig interaction®, and it then collapses immediately into a globular
state and precipitates out of solution. What is most interesting in this system is that
the combination of water and methanol displays a lower LCST value than the pure
water, reaching aminimum at a methanol mole fraction of ~0.36 effect, the
mixture of the two is a poorer solvent than either alone. This property has been
attributed to the O0dehydrationd edfOfect c
and CHOH solvent§', and isknown to be strongly affected by the concentration of
ionic solutes in the mixtuféd By labelling specific sites in the polymer and solvents
expected to undergo hydrophilic interactions, the hydrogen and deuterium would be

expected to show different bahaur before and after the phase change.

The possibility of 0tuningo t he LCS
composition, ionic solutes and copolymerisatidii makes this class of polymers
potentially useful in areas such as industry and medicine, witle sapplications
being developed for targeted release of bound active species under certain

environmental conditions. It was hoped that our time on the VESUVIO instrument
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would shed further light on the hydrophobic and hydrophilic systems at work in
thesemixtures; because the tinod-flight and scattering cross sections (the degree to
which the neutrons interact with the atomic nuclei of that species; derived from pure
empirical measurement of prior neutron scattering experiments) of hydrogen and
deuterium are different they produce separate peaks in thedfdlght data from
which momentum distributions are calculated. For the reasons explained in detail in
Chapter 5 the final results of these two experiments are largely inconclusive thanks
to a hitkerto unknown experimental uncertainty in the measurements taken on this
systen?®. Should this reproducibility issue be resolved, we remain hopeful about the
eventual results of this investigation.
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Part One:

Matrix Isolation Infrared Spectroscopy Study of Vanillin in

a Low Temperature Argon Matrix.



Chapter 1: Isolation of Vanillin in an Inert Argon Matrix.

1-1: Introduction

1-1-1: Overview of this Work

This chapter is, in part, a continuation of the work submitted in my 2009
MSc thesis titled ONat ufrReld ISpetcdp e skboypryd.
previous submission | conducted a number of experiments using the Matrix Isolation
technique to form idated/ pseuddsolated structures of trapped carbon dioxide
and/or molecular nitrogen in an inert matrix of argon at8pasd then examined the
results of their InfreRed (IR) transmission spectra. Here | will show how | have
expanded this work to focusn a much larger organic molecule, one which is of
relevance to food authenticity/anillin, shown inFigure 1-1 below, also known as

4-hydroxy-3-methoxybenzaldehyde gBsO5".

CHs

OH

Figure 1-1: 4-hydroxy3-methoxy benzaldehyde, or Vanillin.



As noted in earlier work, the driving force for these investigatiomgiaity
control be it either academic or industrial in nature. It is a fact that many products
of inferior quality are nonetheless cheaper and easier to produce, and it is always a
temptation for the unscrupulous to substitute these items for those of higher grade in
order to save both time and money. A very common place to see this is of course in
the food industry (the typical example given is orange juice, where it is cheaper to
reconstitute some or all of the product from washings of othemseepulp?’, than
to buy and juice more fruit), but this may also extend to other fields such as
pharmaceutical suppliesTo this end, it is highly desirable to have access to a
reliable £chnique that can potentially differentiate between the structural isSrifers
of an analyte in extremely small concentration, and which may be able to draw out
data on the probable synthetic and geographical origins of the sample without excess
cost. Data about the origins of a sample may als® found in the distribution of
isotopesthrough the sample, thus a vibrational technique (providing information
about both struare and mass) such adrared is a strong contender; IR vibrational
data is well uderstood, allowing us to explore the additional effects of isotopic
substitution and compare the predicted values to the observed experimental results.
Alternate synthetic methods can be expected to produce different (and characteristic)

levels of isotopi fractionation between the possible sites in the product.

The objective of this investigation is to test the use of matrix isolation in
conjunction with Density Functional Theory simulations to detect and differentiate
isotopic signals in a samplBy developing a method that can quickly, cheaply and
reliably measure this distribution in conjunction with reference data for the
characteristic fractionation profiles for each known synthetic path, and/ or methods
of predicting such distributions, this imfoation may be used as another tool for

determining the provenance of the sample examined.



1-1-2: Isotopic Splitting in the Matrix

The earl i er fddesedtorethesdéveldprentsoi{ehsednfrared
spectra of Matrix Isolated compounds (shorthanelR)lin the targeted observation
of naturally abundant populations of atypical isotopes (that is to'¥yand?H
instead of the more commdfC and’H atomic species) as a possible alternative to
more expensive techniques. The results of this wiidugh clearly preliminary in
nature indicated that it was indeed possible to draw information about the relative
population distribution of isotopes in the IR spectra of simple Matrix Isolated
molecudes, thoughsuch spectra suffered from a generally very poor siggrabise
ratio. Additionally, in the case of the asymmetricalON(Figure 1-2) it was possible
to attribute™N intensity to specific Nitrogen atoms in the total population, due to the

difference in their normal modes of vibratfof?.

N—N=0 =—» N=N—O

Figures 12 and 13: Structures of C@and NO. Note that as a result of the
asymmetry in pD, the molecule shows two distinct vibrational stretching modes
(one mostly NN in character, the other mostly-@®), as opposed to the degenerate

bending modesbserved in CQ

This procedure was intended to be developed as a potential alternative for
industrialscale isotopic interrogation. The current state of technology uses two main

techniques to accomplish this at present:

A Mass Spectrometry (MS, which has a high degree of sensitivity, but only
results in one isotopic ratio over the whole compound)

A Site-Specific Natural Isotope Fractionatibtuclear Magnetic Resonance

(SNIFFNMR, low sensitivity but provides sigpecific information).



Both MS and SNIFNMR are limited in their availability by cost and
resources, needing specialist training to @ert. In addition of the two only SN{F
NMR has the ability to provide information about the position of the isotope in a
molecule by modifying its functional groupshis is of great importance here since a
molecule of biological origin will have been phaced by a very specific reaction
pathway, and will not necessarily be the same as one produced synthetically. At the
present time, it is not commercially viable to determine site specific isotopic
abundances of a sample. The purpose of this investigaéisto explore vibrational
spectroscopy as a method of doing this, one that would be both scientifically and

economically viable.

1-1-3: Why Matrix Isolation?

The principlelimiting factor in the use ofnfrared spectroscopy in the solid
and liquidstates for this kind of structural/ isotopic investigation is the widths of the
individual resonances, mainly due to interactions between neighbouring molecules in
the condensed phases. We naturally wish to observe the vibrational properties of the
targetmolecule in isolation, without any interactions with neighbouring molecules
that might affect the resulting spectrum (as it would be found in the ideal gas phase);
unfortunatelyjn the gas phasie molecule is freely able to move around and rotate
through its full range of revibrational transitions. In a fdy bulky molecule like
vanillin the rotational transitions within the -k@brational spectra cannot be easily
resolvedresulting in the merging of the distinct rotatiofiak structue into a sigle
broad continuum from which proportionately weak structure such as isotopic

populations may not be easily distinguished

A compromise is found in the use of the low temperature Matrix Isolation

technique (written shorthand as MI, or #R in conjunctimn with infrared
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spectroscopy): a welstablished technique developed principally by GP@entel

during his career at the University of California, Berkley in the 1950s as a method of
trapping, isolating and analysing shbived volatile chemical spee&®. In this
technique a very small concentration of the analyte molecule in the vapour phase is
mixed with a bulk material that is spectroscopically inert in the observed range; this
bulk material is chosen such that it is not expected to undergo gnyicsint
chemical interaction with the analyte (typically a noble gas sucargm, neon,
krypton orxenon). This mixture is then sprayed onto a spectroscopically transparent
window of sufficiently low temperature to freeze the mixture into a soligpirg

the analyte in a O60solid solutiond of wver
or nearly so by the inert material. This solid matrix can then be treated in the same
manner as a conventional IR sample while at low temperature. Argon drasisexd

for all isolation experiments reported in this study.

The phraseseudeisolatedis frequently usedby this authorto referto the
samples produckby this methodecause, while the matrix in question is believed to
contain either isolated or nemolatedsamplemolecules, this is an assumption based
on the changes observed in signal peak charaoténot a known factAlthough tre
concentration of the matricegasat the lowest possible levstill able to achieve an
observable sigrian these experimentthe possibility still exists for somggnificant
fraction molecules to interact The termpseudeisolatedis instead used here to
acknowledge the possibilitpf some residual intermolecular interactions in the
matrices, and any signairucture that may be attributed to these aggrepait be

commented upon where appropriate.

Later chapters in this thesis wild/l s h
Phag 6 spectra for wvanillin using Density
presented in this chapter, along with solid and@esse IR spectra presented later,

provide the o6raw datad against which the:



1-1-4: Packing in theMatrix

As discussed in detail in my earlier work with £€&nd NO, theway in
which the molecule fits into the argoratrix?®is an importantconsideration. By the

very nature of this technique there is a direct physical interaction between the two

species as they condense together from the vapour phase into the solid. As a result,

infrared peaks in a Matrix Isolated spectrum may be botteshsind/or split relative
to the calculated spectrum of an isolated molecule to a degree dependent on the

physical properties of the matrix matefial. Ideal gas atoms are typically

modelled as hard spheres of a given radius (almost always the vivadarl s 6 r ad i

of the atoms¥, meaning that the principproperty of interest is their size relative to

the sample molecules and the size of the resulting possible sites of substitution in the
solid matrix. In my previous experimental data from the usargdn as a matrix
material, this has typically given rise to repetitions of other existing structures (i.e.
isotopic splitting structure) of lower intensity shifted either positively or negatively

in position by ~78 cmi* for the prominent spectrum of tiwarbon dioxide sample, a
phenomenon supported by behaviour reported in existing literature sources for other

small speci€¥ in which larger matrix shifts and splits (of the order ofBcm™ or

even greater) have been reported. Argon has been observed to have an atomic radius

of 1.88A (seeTable 11 below), and is seen through diffraction studies to form a
facecentred cubic lattice; it is the way this structure accommodates each atom and

functional group of the isolated molecule that is of interest.

Using the xray determined crystal structure as a starting point, the volume of
the vanillin molecule was calculated using the Connolly Solvent Exclusion method;
this method calculates the wome o f a mol ecul ar system
radii of its constituent atoms and approximating this volume with a variety of
integrated polyhedral functions. The Connolly method is also frequently used to

calculate the surface area of a molecule thadiccessible to solvents because it

performs these calculations using a sphe

(and thus volume). The probe used is typically of radius 1.4A to simulate a water

molecule, but in this text a probe of radius A88as used instead to simulate the

7
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6sol vationd by the argon matri x. |l ncr e

effect of slightly increasing the calculated volume due to solvent inaccessibility, but
in the case of the vanillin crystal structure bptbbe sizes return the same value of
115.523R (+/- 1.156) calculating the equivalent volume of the argon spheres to be
37.612& each (and scaling this volume to account for the face centred cubic atomic
packing factor of 0.74) results in the substitutafrthe equivalent of 3.071 Ar atoms

in the matrix. As discussed later, although this simple picture of packing in the
matrix suggests equivalenblumefor direct substitution, it does not adequately
account for the shape of the molecular volume itseléeen irFigures *4a andb
below. While vanillin may only occupy the equivalent volume of 3.071 Ar atoms,
further substitutions may be necessary in order to accommodate the actual size of the
molecule, and each of these differences in the matrix wileren effect on the

position of the resulting infrared peaks for the matrix isolated spectra.

_ Solvent Excluded
Speces Volume/ A®

Ar 37.612

Kr 34.526

Xe 42.213

OH 10.326

CHO 24.59
O-CH; 31.334
Vanillin (CgHgO3) 115.523

Table 11: Relative atomicmolecular volumes of Ar, Kr, Xe, the functional groups
of Vanillin (OH, CHO and &CHj3), and Vanillin itself (GHsO3) taken from the X
Ray Crystallographic data for the solid phase structure. Connolly Solvent Excluded
Volume calculations for the functiongroups use a probe of radius 1.88A to
simulate the bulk phasegon, but are otherwise treated as groups in a vacuum with
no accounting for the overlap with other vanillin atoms; Atomic species are

spherical volumes from their respective van der Waal§.ra



Figure 1-4a and b: The Connolly Solvent excluded Volume of the vanillin molecule
(crystal structure, top) and an example of how it may fit into the packing structure of
the argon lattice (argon spheres represented by white outlines, botiayo)
structure extends intotheezx i s tbc 6ah ag¢ga@ari ng formati on,
mol ecul e is | argely planar in this con

diameter of the Ar layer.



1-1-5: Vanillin as a Target Analyte

Vanillin was chosn as a target for this investigation for a number of reasons:
firstly, the compound is a relatively small species, containing only nineteen atoms.
This renders vanillin quite a volatile compound with a melting point of only 83°C,
and makes it easy to dube into the vapour phase for the purpose of Matrix
Isolation experiments. In addition the calculation times required for the Density
Functional Theory simulations (detailed later in this thesis) depend greatly on the
number of particles involved; thendteen atom system calculated to th81@+G
(d) l evel of theory (see | ater) require:
resources available on the UEA campus to produce a simulated vibrational spectrum.
The second useful characteristic of vanillis that it contains three different
functional groupsall three of which contain oxygen. As outlined for nitrous oxide
above, the differences in the vibrational frequencies of the functional groups allow
for the possibility of assignment of isotopicgudation density between them. This
leads to the third reason for choosing vanillin: availability. Vanillin is a very
common compound in the food industry, produced both from naturally sourced pods
from the Vanilla plant, and produced synthetically irtida#ly®®. Isotopes, because
of different masses, are naturally subject to fractionation effects and thus the
different methods of production will be expected to produce variations in isotopic
population. This gives rise to the possibility of identifyitng source of a sample
based only on a characteristic isotopic population distribution, and the relative size
and complexity of vanillin make it a (comparatively) simple target for such an

exercise.
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1-2: Experimental

1-2-1: Equipment

Figure 15 shows the initial construction of the matrix isolation apparatus,
including a gas handling system as well as a clogete Helium expansion cryostat.
This system has a minimum working temperature of approximately 15K, depending
on the presence of radiati@hielding around the window/temperature sensor. The
gas system was fitted together using stainless steel pipes together with commercially
avail able Swagelok fittings; the main Oc

itself, Parts E & G) was refitteflom an older piece of equipment.

This system was refurbished for the purposes of the previously mentioned
Masterodos project during 2008/ 20009, and
and alterations as my work with vanillin has progressspecial in regard to the
direct introduction of sublimed solid samples into the path ofathen gas stream
from specially constructed heated glassware fsgares 16 a and h.  The vanillin

sample used was dried overnight in a 50°C oven then held undemrac

11



Foe refilling, not normal wse

-» To closed ¢ycle He pump

-

Ve——aW

Figure 1-5: Diagram of experimental gas management systeiginally presented

in MSc by research, same author

Labelled parts are as follows

N

moow?>

Turbopump.

Digital pressure sensor (HV emission detector).

Master valve (closes off sample sectidren necessary).

0.5cm internal diameter flexible pipe.

Double stage He expander cryostat (arm extends down to sample chamber
G)

Combination digital thermometer and heater.

. Sample chamber (Contains but does not make contact with bracket holding

inert sample window in path of both sample spray and IR beam; walls in
plane of view are IR transparent and chamber wall is penetrated by a needle

that deposits sample gas spray ~1cm from the surface of the sample window)

12



An expanded view of RaG can be seeim Figure 16a an expanded view of
the glassware used to introduce vanillin vapour into Part G can additionally
be found inFigure :6b.

I

0.5cm internal diameter flexible pipe.

Needle valve to control sample spray pressure.

Tap.

Analog pressure gauge;XD00mbar.

Tap.

. 0.5cm internal diameter pipe.

Tap.

2250cni volume primary vessel.

Tap.

40cnt volume small vessel.

Analog pressure gauge;XD0mbar.

Tap.

Drying tube for Ar carrier gas containing powderegs.
Tap (seals off O6T6 éxpeanmentd).; only used

<CHYWIOTOZEZIC RS

Ar gas supply.
W. Secondary gas supply (GOr N,O, used in earlier experiments).
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Top-Down View, Sample Chamber G
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Figures 16a, b and c Orientation of temperature controlled glassware relative to

Sample Chamber €howingrelation of Csl windowio incoming argorgas steam

(greyed out) from needle ¥erses normal sample scanning orientation (solid |ine)
detail view of glassware construction showing heating elements and insglation

photograph of glassware relative to sample chamber

The procedure for the collesh of a Matrix Isolatednfrared Spectrum was
as follows. The entire gdsandling system was evacuated to the minimum possible
pressure with the Leybold BMH70 tunbemp (typical working pressure
approximately 1x10mbar). The main reservoir cylindéPart O) was filled to its
maximum measured capacity of 1 bar with argon gas (dried after passing through the
P,Os drying tube Part T), then the taps labelled L and N were left closed for the

remainder of the experiment.

With the Sample Chamber G in the beam path of the IR spectrometer (a
Bruker IFS66 IR spectrometer operated by the OPUS v6.0 software package was
used for these experiments) the Csl window was cooled using the double stage
helium expander cryostat to a Worg temperature of ~15KMeasured temperatures
for this system appear to be correct to within 3, meaning this value is safely

below the melting point of argon of 83.78K. Thpright section of theryostat
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assembly had a limited range of rotaticapgroximately 45°) and was initially
placed perpendicular to the deposition needle at the end of tube H as it enters the
sample chamber. Once at the working temperature (after a cooling period of
approximately two hours) a small amount of argon was rete&®m theprimary
vesselO through the needle valve out onto the cold window; a pressure drop of
20mbarin the vesselas used to quantify this gas release. This argon preferentially
deposits on the cold window in the spray flight path, rather thanrdben
temperature walls of the chamb#rough given that the 2mm needle coats the entire
20mm diameter window and the metal bracket holding it with argon, diffusion
effects make direct quantification of the volume deposited gas impossible without
more soplsticated equipment. During deposition of material the pressure in the
system increases from the normal resting value; in each case, this 20mbar of Ar gas
was deposited at a target working pressure of ~txtibar (with thetaps L and N
sealed and argonloiv controlled by I, meaning that the resting and working/
deposition pressureme measured only in the sample and pump sections of the gas

system).

At this point the window was rotated to face the IR beam path, and a fine
resolution background spectruiaken: this argon layer also acts as a system check,
to ensure that the gas spray is targeted correctly and that the system does not show
excess levels of moisture or atmospheric contamination. The resulting background
contai ns si gn algenniatrbo(which dhauld Boe smqwtaryydands rif
the gashandling system is clean of all 4&tive contaminants), the evacuated
sample chamber, the spectrometer beam path and the instrumenaits#lfwhich
shouldbe subtracted from the sample signalinigiater processing. The interior of
the spectrometer was under a constant purge from a dry nitrogen gas supphg
at a constant pressure of ~750mbar; this was directed into the spectrometer to
operate the air bearing for the interferometer scaandrto flush the spectrometer
beam path exact pressures are not known, but even thougtspketrometer was
covered by an improvised seal (to accommodate the gas systtne background
signalswere observed15 minutedrom the start of operation, anallowances were
made for o6érest periods6 for signal stabil

16



All infrared spectra using this system were collected using a deuterated
triglycine sulphate (DTGS) detector at a range of numbers of scans and resolutions
(specific vdues for each of these properties, as well as deposition pressarekbg
found in Table 1-2 later in this chapter for each indiwal sample spectrum
collected In each case the background was collected at the same resolution as the
sample, and the S/Malue quoted is for the data after background subtraction; all
spectra were collected with a zditing factor of four, meaning spectra of
resolution 0.5cmMic ont ain 59156 data points (every
those scans of resolution28. cmi* contain 118312 points (29578 of which are
6 r e aAl0& Fmi' spectrum from a total of 512 scans could be collected over some
2.5 hours, while a O6full & spectrum coll e
cm* requires an approximate collection time of 7 hours on the6B$strument.
Combined witha roughly 4hour preparéon time for the vacuum system and
deposition of the matrix sample, this means that a complete experiment could be
conducted in betweetD and 19 hours.

After the background was collected, sample deposition was then prepared:
the Cslwindow was rotated back to face the needle for optimum spray angle and the
vanillin sample glassware (s&égure 1-6) heated to the desired temperature. The
opening for the vanillin glassware is much larger than that of the needle, but the
contents were held at a much lower pressure (evacuated with the rest of the system
while at room temperature, then sealed again during cooling); the free path of the
vanillin vapour intersects with that of the argon, so that the two materials would co
deposit on the window at the same time. To begin deposition the argon stream was
first re-started, then once a set quantity of pure Ar had been deposited the vanillin tap
was ofened; a set quantity (usually 100mipagssure from the primary vessel| it
sometimes more depending on the desired experimental conditions) of argon was co
deposited with the heated vanillin vapour trace, forming the sample matrix together
on the cold whdow. At this point the vanillin sample wasgealed, and a further
10mbar of pure argon continued to deposit.

17



This procedure gave three experimentally controlled variables to each
experiment: vanillin temperature (and thus vapour concentrationdn argjease
pressure (and thus argon host gas concentration) and total deposition time (thus
controlling overall signatto-noise rati9. It should be noted that no automatic
system was available to maintain set argon deposition pressure, so this value was
regulated in each experiment by hand; this results in an uncertainty to all quoted
argon deposition pressures of 4k10*mbar. Once deposition was complete, the
system was allowed a o6rest perioddé of f
back to facghe IR beam. Sample scans were then taken using the same settings and

resolution as the earlier background.

1-2-2: Argon Backgrounds and System Integrity

Nitrogen and argon gases were ugethis experimengas supplied by BOC
gases nitrogen waslisted as 100% pure (with no further data available), while
OPureshiel dd Ar gon wa soth types of gas weres passedl. 9 9 8 ¢
through (separate),®s drying columns to remove trace water vapolretectable
water signals in the result spectrasdribed below aréhereforeattributed to two
possible sources: atmospheric water vapour that has nofldgeflushedfrom the
spectrometer beam path, and trace water left in the vanillin powder sample (which

was noted previously in the Solid Phaserefce data).

Background spectra were collected before each isolation was performed,

using the method described above.
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1-3: Results and Analysis

1-3-1: A Note on the Quality of Spectra

Using the method detailed abovefrared spectra gfseudeisolated vanillin
were produced under conditions considered satisfactory (i.e. clear IR signals with
minimised levels of atmospheric contamination). As the sample molecules are
reduced in concentration to enter an isolated state, the signal iyntpasimatrix
path length decreases; given that there is a limit to the amount of gas that can be held
in the system for deposition, lower matrix concentrations (controlled by temperature
as noted above) approach the limit of detection for the availablepéRtrometer
system. Because of this weakening of intensity only Samples 3 and 5 appear to
show the peak width and separation characteristic of samples approaching true
isolated conditions while still being of statistically quantifiable magnitude cordpare
to background noise in the spectra. All five sample spectra obtained have, however,
been reproduced below to demonstrate the iterative nature of the investigation.
Sample 5 has been used as the reference for the later chapters of this thesis because
of its superior resolution (0.26m™ verses 0.5cm™ in other spectra), though the
three large features typically seen at ~3860" are not actually observed here (see

the later analysis section for comments on this behaviour).

It is clear from experimental evidence that the methods and equipment used
in this investigation do not allow for the complete elimination of the rotational
structure of molecules such as atmospheric carbon dioxide froratim system
or the resultingmeasured spectrahe presence of such lines in spectradgb ur e 6
samples confirminghat this is a systematic issue. In addition it is sometimes
possible to observe interfence fringes in thgpectra, fringes which may be used in
such cases to calculdtee thickness of the matrix deposited on the surface of the Csl
window (and thus the experimental path length). Further to this behaviour, the

instability of the spectrometer due to temperature changes both inside and out causes
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minute band shifts that rkea it difficult to getan exact background subtraction;
attempts to compensate for these band shifts by relative displacement of background
and sample spectra before manual background subtraction have proven unsuyccessful
as each band is displaceg a diferent norlinear valueand produce only a very
narrow range of proper background subtraction (e0). Peaks outside this range

in either direction can be seen to show sinusoidal subtraction artefacts at their
extremities due to the equivalent datamppis bei ng O6out of phaseé
these effects, the spectra obtained have high levels of noise and show a large number
of subtraction artefacts which are easy to mistake for actual sig@dlaote is the
absence of visible peak structuypically seenbetween 3208550cm™* in Sample

5: these peaks are usually very strolgt in this case cannot be distinguished from
local background noise and residual rotational structure from the hydrogen bonding
band attributed to the hydroxyl group centegd-3700cmi™.

The peaks marked in the following spectra are true sgasjudged by their
absencdrom the background scans of argon containing no vanillin vapour deposited
prior to sample collectian These signals have been manually fitted with Gaussian
curvesusing the OPUSoftware to detenine their width and intensityhis data is
presented imMables 13 to 1-5 below. The remainder of the structure observed has
been dismissed as a mixture oéckground noise andrtefacts ofimproper
subtraction A single distinct peak (of varying strength) is observed in the sample
spectra at a wavenumber value of ~22&®"; this peak does not appear to show the
same dependence on vanillin concentrationitesneighbours, nor does it ever
broaden or change shape with sample conditions, depending only on overall
transmission intensity. For this reason, this peak is assigned as an artefact of the
spectrometer, as are the known features that may be observéd8&t~1496 and
~2992cm’. Some of the sample spectra (specifically Samples 1, 2 and 3) show a
clear signal peak at ~37%0n™: this peak is attributed to the asymmetric stretching
mode of residual water trapped in the vanillin sample, showing as stttleesame

dependence on matrix concentration as the vanillin itself
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Absorbance spectra are shown belowrigures 17 to 1-11 a, b, ¢, de, f, g
and h in ascending order from Sample 1 to Sample 5; in each case the entire
spectrum is presented betweed0@500 cm™ on the first page, then in expanded
views of 40083500 cm™, 35063000cm™, 30062500 cm™*, 25062000 cnt, 2000
1500 cnf, 15061000 cni and 1000500 cmi” on the subsequent four pageslirect
comparison to the argemnly background spectrum taken for that randa each
case, peaks identified as genuine signals are tabulated on the followvitng page
in Tables 13to 1-7. For reference, the argamly background spectra are peated
alongside the sample spectra below, in order to confirm the assignment of peak
values to real signals (as opposed to subtraction artef@oi¢ection conditions for

each sample are presented able 12 immediately below:

Calculated
Vanillin . Scan Signal/ Noise Ratio
Mean Deposition ) Number
Sample | Temperature Resolution (RMS) Across
Pressure (mbar) L of Scans ]
(°C) (cm™) Entire Spectral
Range
1 29 5.2x10° 0.5 512 0.757
2 28 1.2x10* 0.5 512 0.338
3 25 2.2x10" 0.5 512 0.537
4 22 2.2x10° 0.5 512 0.748
5 25 2.0x10* 0.25 1024 0.639

Table :2: Collection/ deposition conditions for Samples 1 to 5.
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1-3-2: Experimental IR Spectra of Vanillin Isolated in an Ar Matrix
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Figure 1-7a: Overviewof Sample 1 IR spectrum, 40800 cni™.
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Figure 1-7b: Expanded viewf Sample 1 IR spectrum, 468800 cni’. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-7c: Expanded viewof Sample 1 IR spectrum, 358000 cmi'. Genuine

signal peaks are marked to indicatesition where present.
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Figure 1-7d: Expandediew of Sample 1 IR spectrum, 36280 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-7e: Expandediiew of Sample 1 IR spectrum, 258D0cm’. Genuine

signal peaks arenarked to indicate position where present.
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Figure 1-7f: Expanded view of Sample 1 IR spectr@890-1500 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-7g: Expandedview of Sample 1 IR spectrum008L000cni. Gentine

signal peaks are marked to indicate position where present.
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Figure 1-7h: Expanded view of Sample 1 IR spectrum, 300cni*. Genuine

signal peaks are marked to indicate position where present.
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N FWHM Intensity
Position 4 _
(cm™) | (Abs. Units)
509.40 0.012 6.91
537.40 0.003 1.62
590.48 0.012 2.94
625.62 0.024 2.00
628.12 0.035 2.30
653.93 0.006 8.86
662.69 0.008 2.96
667.48 0.021 1.46
730.90 0.055 2.34
733.06 0.021 3.82
780.50 0.012 2.39
818.90 0.025 1.83
821.90 0.018 3.73
829.80 0.003 1.75
832.28 0.003 3.12
850.27 0.005 3.66
869.84 0.006 1.79
871.96 0.012 1.51
873.55 0.010 1.44
875.23 0.008 2.13
1030.29 | 0.006 2.74
1034.43 | 0.011 2.88
1039.89 | 0.017 4.66
1041.88 | 0.021 5.31
1114.57 | 0.016 2.63
1120.99 | 0.030 2.88
1123.68 | 0.027 2.40
1149.61 | 0.053 4.50
1152.11 | 0.064 2.06
1154.09 | 0.024 1.44
1157.08 | 0.031 4.82
1179.18 | 0.037 6.89
1189.27 | 0.031 5.96
1208.10 | 0.040 4.60
1211.25 | 0.018 2.24
1215.63 | 0.006 10.00
1245.28 | 0.010 2.30
1249.01 | 0.030 3.47
1252.39 | 0.026 3.78
1267.83 | 0.070 4.29
1271.46 | 0.076 4.23
1281.63 | 0.045 7.26
1285.87 | 0.033 3.24
1289.06 | 0.041 2.44
1291.34 | 0.024 2.24
1294.44 | 0.069 6.32
1403.14 | 0.030 5.58
1435.95 | 0.053 1.87
1438.72 | 0.074 3.56
1470.10 | 0.099 3.50
1512.68 | 0.114 3.68
1516.28 | 0.086 2.64
1683.57 | 0.062 2.50
1706.70 | 0.089 6.14




2726.09 0.003 10.41
2740.74 0.001 7.75
2799.64 0.003 14.87
2825.08 0.005 14.10
2856.34 0.002 18.54
2951.44 0.006 8.15
2978.89 0.003 14.39
3010.28 0.003 7.38
3082.47 0.002 16.91
3460.26 0.004 4.99
3507.58 0.007 17.26
3550.34 0.062 5.16
3555.27 0.048 4.98

Table 13: Integrated Gaussiafitting parametes for signal peaks in Sample 1
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Figure 1-8a: Overviewof Sample 2 IR spectrum, 40800 cmi’.
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Figure 1-8b: Expanded viewf Sample 2 IRpectrum, 4003500 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-8c: Expanded vievof Sample 2 IR spectrum, 358000 cmi'. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-8d: Expandediiew of Sample 2 IR spectrum, 36280 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-8e Expandediiew of Sample 2 IR spectrum, 258D0cm*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-8f: Expandedsiew of Sample IR spectrum2000-1500 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-8qg; Expandedview of Sample 2 IR spectrum008L000cmi*. Genuine

signal peaks are marked to indicate pasitwhere present.
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Figure 1-8h: Expanded view of SampléR spectrum, 100800cni*. Genuine

signal peaks are marked to indicate position where present.
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N FWHM Intensity
Position 4 _
(cm™) | (Abs. Units)
510.28 0.005 6.21
537.85 0.003 3.19
590.23 0.008 2.62
625.23 0.025 1.42
627.92 0.023 2.54
730.39 0.047 1.95
733.89 0.013 2.69
780.51 0.009 2.31
792.75 0.002 3.21
808.58 0.003 2.67
818.98 0.019 2.22
822.18 0.010 3.02
829.88 0.003 3.37
850.28 0.002 2.55
869.50 0.004 1.77
871.71 0.005 1.47
874.29 0.005 6.34
1039.27 | 0.018 2.20
1042.09 | 0.027 3.71
1114.49 | 0.009 2.48
1121.11 | 0.021 2.87
1124.14 | 0.011 1.89
1148.93 | 0.036 1.53
1150.96 | 0.059 2.72
1153.94 | 0.027 2.30
1156.71 | 0.016 2.12
1177.58 | 0.027 6.71
1188.60 | 0.023 4.26
1207.66 | 0.018 2.89
1210.83 | 0.032 2.70
1245.45 | 0.009 2.69
1249.55 | 0.036 3.42
1267.11 | 0.065 2.19
1269.98 | 0.074 3.31
1282.05 | 0.017 6.98
1290.35 | 0.037 4.27
1294.36 | 0.032 3.86
1381.70 | 0.008 5.77
1402.18 | 0.030 3.86
1438.38 | 0.054 4.54
1469.82 | 0.059 2.60
1512.25 | 0.083 2.45
1515.00 | 0.043 1.96
1517.45 | 0.041 1.80
1699.95 | 0.211 0.52
1704.45 | 0.065 1.31
1706.30 | 0.097 1.46
1709.79 | 0.057 3.58
2724.09 | 0.004 16.60
2741.11 | 0.002 8.01
2798.16 | 0.003 9.60
2819.00 | 0.002 9.10
2828.24 | 0.002 8.31
2951.82 | 0.004 8.10




2977.80 0.002 15.29
3008.84 0.003 5.31
3016.47 0.002 6.28
3554.41 0.057 14.71

Table 14: Integrated Gaussiafitting parameters for signal peaks in Sample 2.
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Figure 1-9a: Overviewof Sample 3 IR spectrum, 40800 cmi’.
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Figure 1-9b: Expanded viewf Sample 3 IR spectrum, 468800 cni*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-9c: Expanded vievof Sample 3 IR spectrum, 358000 cmi'. Genuine

signal peaks are marked to indicate position wheesent.
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Figure 1-9d: Expandediiew of Sample 3 IR spectrum, 3G280 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-9e Expandediiew of Sample 3 IR spectrum, 258D0cm’. Genuine

signal peaks are marked to indie position where present.
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Figure 1-9f Expandedsiew of Sample BR spectrum2000-1500 cmi*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-9g. Expandedview of Sample 3 IR spectrum0081000cmi*. Genuine

signal peaksire marked to indicate position where present.
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Figure 1-9h: Expanded view of SampléR spectrum, 100800cni*. Genuine

signal peaks are marked to indicate position where present.
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N FWHM Intensity
Position 4 _
(cm™) | (Abs. Units)
495.30 0.011 1.57
550.32 0.014 5.98
729.84 0.005 1.11
731.94 0.003 1.39
818.57 0.004 1.58
1034.17 | 0.003 1.40
1039.79 | 0.003 1.80
1042.27 | 0.002 1.26
1114.31 | 0.001 1.96
1120.24 | 0.003 1.98
1122.21 | 0.001 1.26
1124.20 | 0.001 2.76
1148.65 | 0.009 1.05
1154.12 | 0.003 1.25
1157.24 | 0.004 1.30
1178.67 | 0.003 8.90
1189.76 | 0.002 6.90
1210.49 | 0.005 2.75
1245.11 | 0.001 0.85
1248.85 | 0.004 2.40
1252.66 | 0.002 1.90
1266.43 | 0.007 1.15
1284.55 | 0.008 1.30
1294.67 | 0.003 5.45
3213.01 | 0.012 19.70
3323.62 | 0.040 12.30
3372.82 | 0.067 11.70
3514.37 | 0.108 9.30

Table 15: Integrated Gaussiaftting parameters for signal peaks in Sample 3.
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Figure 1-10a: Overviewof Sample 4 IR spectrum, 40600 cni™.
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Figure 1-10b: Expanded viewf Sample 4 IR spectrum, 408600 cmi'. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-10c Expanded vievef Sample 4 IR spectrum, 358000 cni*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-10d: Expandedsiew of Sample 4 IR spectrum, 3280 cm*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-10e Expandediiew of Sample 4 IR spectrum, 258800 cni*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-10f Expandediiew of Sample R spectrum2000-1500 cm*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-:10g Expandediiew of Sample 4 IR spectrum0081000cm*. Genuine

signal peaks are marked to indicatesition where present.
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Figure 1-10h: Expanded view of SampléRispectrum, 106800cmi*. Genuine

signal peaks are marked to indicate position where present.

58



N FWHM Intensity
Position

(cm™ | (Abs. Units)
3145.82 0.011 15.95
3212.84 0.047 23.81
3323.24 0.149 13.81
3372.53 0.202 15.31
3513.46 0.281 10.21
3524.12 0.286 9.61

Table 16: Integrated Gaussiafitting parameters for signal peaks in Sample 4.
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Figure 1-11a: Overviewof Sample 5 IR spectrum, 40600 cni™.
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Figure 1-11b: Expanded viewf Sample 5 IR spectrum, 4086800 cmi'. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-11c Expanded vievef Sample 5 IR spectrum, 358000 cni*. Genuine

signal peaks are marked to indicate position whaesent.
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Figure 1-11d: Expandedsiew of Sample 5 IR spectrum, 3280 cm’. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-11e Expandediiew of Sample 5 IR spectrum, 258800 cni*. Genuine

signal peaks are marked adicate position where present.
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Figure 1-11f Expandediiew of Sample BR spectrum2000-1500 cm. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-11g Expandediiew of Sample 5 IR spectrum0081000cm*. Genuine

signal peaks are marked to indicate position where present.
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Figure 1-11h: Expanded view of SampléRsspectrum, 106600cmi*. Genuine

signal peaks are marked to indicate position where present.
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N FWHM Intensity
Position
(cm™ | (Abs. Units)

535.98 0.014 0.42
545.04 0.015 0.52
546.04 0.016 0.36
547.56 0.013 0.43
549.78 0.022 0.47
566.92 0.020 0.58
569.00 0.023 0.44
571.00 0.010 0.68
575.90 0.057 0.38
580.36 0.027 0.54
584.50 0.019 0.52
591.52 0.036 0.56
594.74 0.008 0.52
599.90 0.028 0.42
615.82 0.019 0.58
617.60 0.018 0.63
624.95 0.025 0.70
635.20 0.025 0.70
720.33 0.009 0.54
729.73 0.013 0.75
818.74 0.006 0.89
871.60 0.003 0.56
1039.52 | 0.003 1.97
1042.21 | 0.003 1.15
1114.32 | 0.002 1.04
1120.63 | 0.004 1.03
1122.09 | 0.002 0.95
1124.09| 0.001 1.28
1139.87 | 0.001 1.18
1148.57 | 0.015 0.87
1153.89 | 0.003 1.73
1156.48 | 0.002 1.56
1174.30 | 0.003 0.98
1177.52 | 0.001 0.93
1180.35| 0.001 1.32
1186.84 | 0.002 1.08
1189.13 | 0.002 1.42
1197.88 | 0.001 0.63
1210.55| 0.004 1.40
1218.32 | 0.001 0.80

Table 17: Integrated Gaussiaftting parameters for signal peaks in Sample 5.
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1-4: Discussion and Conclusions

1-4-1: Vanillin Intensity in Matrix Isolated IR Spectra

Vanillin has proven to be a more difficult material to isolate than fivsis
envisioned: though it has a naturally strong odour, it only displays a vapour pressure
of 2.933x10 bar at 25°C. Practical attempts to introduce the vapour into the free
path of the bulk argon gas required moderate amounts of heating to avoid
preferential deposition on the interior surfaces of the glassware. In contrast, it
proved to be more effective to vary the pressure (i.e. rate) of Ar introduction to
control the resulting concentration ofhgdroxy-3-methoxy benzaldehyde in the

final matrix.

It is difficult to conclusively state whether the vanillin molecules present in
the matrix are in a truly isolated state: this judgement is based on the behaviour of
observed peak distributions over a range of concentrations. Isolated species show a
characteristic narrow peak distribution; consideration of the Gaussian fittings of the
peaks observed around 1008™ in each sample spectrum (typical of the vibrational
peaks of vanillin, and seen in all of the experimental samples except Sample 4)
showsa typical peak FWHM of 2.5cm™ in Samples 1 and 2, dropping to a typical
value of approximately-1.5cm™ in Sample 3, then to 0@n™ in Sample 5 (though
Sample 5 was recorded at a resolution of @®3, while the others are of resolution
0.5 cm™). This change in peak character suggests that the vanillin molecules in
Samples 3 and 5 are at leasbreisolated than in 1 and 2, though whether this is a
true isolated state could only be confirmed by obtaining more spectra at lower
deposition tempetares/ higher pressures to confirm there is no further change in the
observed peak width.

Though the signal peaks observed in the final sample spectra above do show

the characteristically narrow widths associated with isolated species, the actual
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concentation of the matrix can only be calculated by use of the -Baerbert
relationship between the absorption coefficient of the sample molecule and the path
length. Taking the interference fringe pattern observed in Sample 1 as a
representative value for arsple collected under these conditions we can calculate a

typical thickness for these matrices:

€

m MINuUYpwBEpPULO

Equation 11: Path length (cm) from number of interference fringes observed n in
wavenumber range[ to [, with refractive index r. In this case n=11[=2270cm

! 0r=590 cmi' and the refractive index of the Ar matrix i2882 (+£0.00016)

Later chapters in this thesis will show calculated intensity coefficients for
vanillin produced by Density Functial Theory in the km/ Mole (the coefficient
integrated over the entire absorption band); these may be used for the prediction of
peak intensity at given matrix thicknesses and concentrations (and vice versa), and
have been used to calculate simulated spect multiple components at relative

intensity distributions.

Hence:

8

€

a
Equation 12a and b: The classic Beéambert Law. Concentration ¢ of material in
matrix per unit path length (matmi®), molar absorption coefficientand path

length | (calculated above to have a typical value of 258&m) give the resulting

absorbance of the molecule A.
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1-4-2: Discussion of Splitting Effects in the Matrix Isolated Spectra

It is clear(evenwith the unexpected absences of certain peaks from some of
the sample spectrafat there are moreisible peaksattributable to signal from the
matrix visible than would be expected for the normal modes of a molecule of this
size this is not uanticipated since itwas notedearlierthat matrix isolatedspecies
areexpected to be affected by environmental effects that give rise to splitting effects.
In order to explain these additional peaks, there are four factors in this system to be
considered: the conn#ration of the matrix mixture, the packing effects expected in
the matrix and how they are affected by the temperature of deposition, the rotational
stereochemistry of the molecule and the possible isotopic substitutions present in the

species.

Concentréion has the greatest role to play in the distribution of the peak
intensity observed. The proportion of vanillin compared to argon in the matrix gas
mixture is controlled by two factors: the temperature to which the vanillin was
heated (higher temperaag naturally resulting in a higher vapour pressure), and the
flow pressure of the argon gas that forms the bulk of the matrix. When the
temperature is low and the Ar flow proportionately high, the resulting matyixd
be expected to shomarrower peaksf lower intensity as the vanillin is found in an
isolated state. When the temperaturbigh and the flow pressurew, however, it
IS morereasonable to expect to see larger aggregate structures in the matrix as the
analyte molecules remain in closeoeigh proximity/ high enough concentration to
interact. Such aggregate structures are generally characterised by a sequence of
severalpeaks hi fted to slightly | ower wavenumb
for each vibration each of decreasing intetysiand increasing width; the loose
association of aggregate structures effectively adding to the mass of the vibrating
molecule(s). Athe higher concentrations these aggregate structures will dominate
the spectrum and form the vibrational bands more lfamio solid state spectra,
though at concentrations close to the isolated state (such as we have here) it can be
very difficult to characterise these peaks properly. In all likelihood there are some

peaks in Samples 3, 4 and 5 above that are in factt@ubBmeric interactions
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between vanillin molecules: this kind of interaction would be expected to be most
expressed in the ~35%0n” 1 OH stretching peaklue to the strong hydrogen bonds

that form between closely associated hydroxyl groupslthough abset from

Sample 5 due to swamping of the signal by residual water structure, this peak can be
seen in Samples 3 and 4 to begin to separate into two peaks egguealent
strength: this indicates that textededbr oade:]

structures forming between aggregate groups

The vanillin structure has a centrain@embered ring and three substituent
side groups; as discussed $ection 11-4 above, this arrangement occupies the
equivalent volume of 3.071 argon atoms in the magttice. It is important to
remember that this value means that a number of situations may occur in order to
actually accommodate the molecule, and that (given its large, ovoid shape) it may
actually replace more argon sites than the 3.071 value waggest given the
relative size and fcc packing arrangement in the matrix a minimuseansites
would appear to be disrupted by the presence of the vanillin. The assumption can be
made that the steric effects of the covalently bound atoms of vanillicause the
argon (held together only by van der Waals forces) to arrange themselves around the
vanillin; because of this, the most probable packing arrangement would have a
slightly distorted Ar matrix surrounding the molecule as it occupies the minimum
necessary space (closer to the calculated 3.071). Alternatively, a more relaxed
configuration would have the molecule displace additional argon atoms (perhaps
five, six or seven) in order to reduce stress on the volume occupied by the functional
groups o varying degrees. Each of these different arrangements may be occupied by
different molecules at the same time, their proportions dictated only by the energy
available to the molecule at the time of deposition (i.e. the deposition temperature),
and wouldbe expected to give a minute shift in the resulting vibrational position for

each transition.

The packing of vanillin into the matrix is not the only factor that is
influenced by theeonformationof the molecule in the vapour phase. For studies in

the ®lid phase, such as a fine powder pressed into a KBr disc for an IR spectrum,
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the crystal structure of vanillin is well known and documented bsayx
crystallographic techniques. Passing into the vapour phase, however, the molecular
stereochemistry is feeto rotate and distort. The exact structure that the molecule
relaxes into would be expected to be a local energy minimum, but depending on the
amount of energy available and the rate of cooling/ argon matrix formation it is
entirely possible that the fational groups of vanillin may be promoted and fixed
into a different geometry to the crystal structure. Changes as significant as rotating
the aldehyde group would be expected to produce a significant difference in the
resulting vibrational spectra fohé matrix: the proportion of molecules promoted
into each rotational isomer would be expected to be controlled only by the
temperature of deposition, and a theoretical model of this mechanism is elaborated

on inChapter 3dater on.

As with the other effects discussed here, isotopic substitution in the vanillin
population would be expected to produce changes in the resulting vibrational spectra.
Indeed, the alterations to vibrational position due to changes in mass (particularly for
vibrational modes involving hydrogen replaced with deuterium) would be expected
to be quite drastic. Anearat ur al abundance of O0seconda
the vanillin IR system, though the synthetic procedure used to manufacture the
sample woud undoubtedly influence the isotopic distribution through some degree
of gravimetric fractionation. However, with even the strongest of the secondary
isotopes of each atomic species having onlgagéural abundance of ~1% it is
apparent from the intensignd noise values seen in the latter samples that it is not
reasonable to assume the visibility of isotopic peaks in the isolated state with the

available instrumentation for this investigation.
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1-4-3: Conclusions and Further Development

As the systemrstands now contamination is a serious issue; traces -of IR
active species such as® and CQ can be seen in all spectra and are a serious
impediment in the lower concentration matrices. Removal of these traces is a
priority, but will only be possible wit rigorous treatment of the vacuum system
itself- replacing aging parts and sealing all possible sources of leaks such as joints.
The performance of the Leybold BMH70 turbopump has been quite satisfactory in
these experiments, but the best possible vacisualways preferred. Significant
uncertainty is found in the apparatus used: pressure control in particular has largely
been performed manually, and an automated system to regulate deposition flow rate
is highly desirable as this is the principle contafl matrix concentration in

conjunction with vanillin sample temperature.

Assigning the complicated structure seen in these spectra is a difficult
process and without further information it is problematic to assign the structures seen
to particular sourcge be they aggregation, conformational, site effects or isotopic
substitutions. The greatest limiting factor in these spectra is the low intensity of
signal in comparison to the undesirable peaks attributed to both contaminants and
artefacts, and the sirtgst method of improving this would be to run a sufficient
number of scans to reduce background noise further than has already been achieved.
The issue of noise is compounded by working at high resolution: although the use of
0.25 cm® resolution in Sampl 5, rather than the 0&m* resolution used for the
other spectra, allows for a more precise integration of the resulting peak (more data
points naturally giving a more reliable peak measurement), the relative impact of
noise is increased. The spectragented in this chapter were each collected in an
isolation procedure that requiredl2 hours to complete, most of which was taken
up by infrared scan time. Extending sample collection time by a factor of 16 would
produce a resulting spectrum with projpanately 75% less noise, but would require
an entire week to collect equivalent data: with effects on the spectra from the outside
environment noted over the period of just one day, the effect of changes in weather,

temperature and air pressure, etc.cdme a serious concern, and the use of a
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climate-controlled workspace would be recommended should such a long collection

process be undertaken.

With improvements to the signal to noise ratio comes the ability to
distinguish very low intensity componerits the spectra from the background: in
particular, the ability to observe repetition of structures in the IR would potentially
allow these to be assigned as either matrix packing or isotopic effects (most likely a
combination thereof) based on their widihd behaviour with changes in matrix
concentration. As well as observing changes with concentration, it is also practical
to consider the deliberate doping of sample materials with isotopic markers, in order
to aid in assignment between matrix and ismta@sfects, deliberately increasing the

intensity of isotopic bands to make them stand out.

Proper assignment of peak structure is largely a matter of performing
multiple isolations while changing only one variable (temperature, pressure, isotopic
ratio) and keeping the others the same, in order to gather sufficient information.
Changes in pressure would vary the concentration of the matrix, while (at
sufficiently high deposition flow pressure) conformational distribution would be
expected to be largetye mper at ure controll ed; O&6spi kin
increase the relative intensity of vibrational structure involving those atomic species.

This level of comparison has not been possible in my time working on this project,
but a future inveggation may be able to use these methods to conclusively assign

structures to one mechanism or the other.
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Part Two:

Fundamentals of Density Functional Theory and the

Simulation of Vanillin in both the Solid and Isolated Phase.
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Chapter 2. Fundamentals of Density Functional Theory

2-1: Introduction

2-1-1: Isotopic Labelling in High Resolution Vibrational Spectra

As has been discussed @hapter 1 high resolution vibrational spectra of
isolated molecules can be obtained relatiwagily for small molecular species; with
an increase in detector sensitivity comes a lowering of the detection limit for the
system. Using lowemperature deposition and small sample concentration in an
inert matrix (i.e. the Matrix Isolation techniquegtdiled in the next chapter) it is
possible to record the pseudmlated vibrational spectra of small species such as
CO, and NO, andChapter 1details a series of experimental attempts to obtain

matrix isolated vibrational spectrawdnillin in a convational laboratory setting.

Each element in nature has a certain natural abundance of stable i¢fmtopes
example the abundance &iC is typically quoted as 1.1% of the total carbon
population). In an infrared spectrum, were there only the two ldessotopomers,
intensity of the total population of any vibration involving a given carbon would be
expected to be split 98.9/ 1.1% between the expected peak and an isotopomeric
vibrational peak shifted a relatively small amount in tkexis from it (far example,
the CQ asymmetric stretch is seen in an argon matrix at ~2845 but the'*C
isotopic vibration can clearly be seen, repeating the additional structure caused by
matrix effects, at ~2286m™). Asymmetry in the molecule allows isotopic $hifo
be assigned to specific atoms where a plane of molecular symmetry would not, i.e.
the equivalent stretching vibrations f80 in CQ, could not be assigned to a specific
oxygen position (symmetrical structure O=C=0), butwibuld be possible to
distinguish between nitrogen atoms for positional labellingNfin N;O (N=N=0).
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Such positional information is difficult for other techniques to provislIF-NMR
and Mass Spectrometry both requiring modifications to the molecular structure such
as protonabn and fractionation. Use of common infied to achieve the same

information would make for a much cheaper and more practical alternative.

Though in principle the probability any atom in the molecule would have of
being such an isotope would be equeit$ natural abundance, in practice due to the
synthetic steps taken to produce the sample molecule these distributions are rarely as
expected. Some reference data for small molecules with isotopic substitutions exists
(for example™C in small moleculesuch as C@has been studied by a number of
authors through the decades), but this kind of information becomes rapidly more
scarce the larger the molecule and more specific the isotopic labelling of the
molecular species in question. One of the purpadethis investigation is to
theoretically simulate the vibrational spectra of such species, and use such calculated
vibrations to predict the possibility of experimentally observing the natural isotope
abundances using vibrational spectroscopy within thgegable spectral resolutions

and signal to noise ratios.

2-1-2: Density Functional Theory (DFT) Modelling of Vibrational Spectra

Species where synthetic routes have been chosen to isotopically label specific
sites are frequently expensive to purchase, making rigorous exploration of such
molecules an expensive process. Reliable predicted data for isotopomeric vibrations,
which can le manipulated to produce simulated spectra for arbitrarydesared
isotopic populations, is desirable to predict and characterise such species. These
predictions could then be used to predict whether such compounds would be

experimentally observabla) brder to test the accuracy of such simulations.
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With modern computer modelling techniques and processing power, it is
possible to simulate the physical and energetic properties of molecules to a high
degree of accuraéy Although mathematical assunmpis are required to model such
system$ choosing the correct Basis Set and level of theory (see later) can give a
simulated array of vibrations that closely approach the observed experimental data.
This chapter describes the application of such techsitueanillin, chosen due to

its modest size (19 magroup atoms) and three dissimilar functional groups.

The use of Density Functional Theory has a number of advantages over other
methodd* unlike the Hartred=ock method, the orbital theory applied BFT
necessitates a degree of correlation between multiple electrons localised to specific
atoms, rather than assuming that the overall field effects are equally experienced by
all of the particles in the system (an approximation, intended to reduce the
cdculation time required to solve the fully correlated Schroedinger Equation down
to a manageable level). In HartrfEeck calculations, electron density is not
localised to any particular position and instead of interacting with each other the
electrons dlexperience the same average field effect; thus the method (while very
capable at calculating the total energy of a molecular system) has great difficulty in
determining the thermochemical properties spiecific bonding interactions (and
tends to systemigtlly overestimate the calculated energies for molecules). The
system is, in effect, calculated as the sum of a large number of -siegteon
wavefunctions. Modifications to this procedure can produce more accurate results
by incorporating the wavefictions of excited states (for example the seeunaler
Mgller-Plesset model, generally referred to as MP2), but these methods are very

computationally expensive.

Most modern Density Functional Theory methadisotreat the electrons in
the molecular sysm as functions of electronic density to the same effect as the
HartreeFock method, summed together to find the total energy of the system; where
DFT differs is that correlation between electrons is modelled as an additional
approximation term (the ExchgeCorrelation approximation) based on observed

energy values in molecular systems. By taking a hybrid approach to the calculation
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of electronic density in the molecule (atitio calculations corrected by an
approximation based on empirical data), DFTthmoes achieve a significantly more
accurate result than the Hartrfeeck method alonat an equivalent level of theory
(though generally less so than methods such as MP2) but only require marginally

more computational power.

DFT is fundamentally an appromation, and as a result the choice of an
incorrect correlation term for the species being studied can have a significant effect
on the accuracy of the final results. A number of alternatives are available, including
the Becke thregoarameter hybrid metltbfunctional with the Perdew/Wang 91 ron
local correlation correction ternfshorthanded to B3PW91), and its successor, the
popular Becke thregoarameter hybrid method functional with the Lee, Yang and
Parr local and noAocal correlation correction tern{shorthand B3LYPY 2. The
behaviour of these correlation terms will be evaluatedhapters 3aand3b later on
in this text.
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2-2: Density Functional Theory

2-2-1: Origins of Density Functional Theory

Note: The description of the DFT process presented in this chapter draws on

d 5558

references”’ an throughout the text.

At the core of Density Functional Theory modelling is the maogy
Schrddinger equation; solving this equation exactly is anmetsedifficult task that
requires huge amounts of computing power and time, and is only realistically
possible for a very select few specific cases. As a result of this, a series of
assumptions and approximations are made to reduce this equation to a more
manageable form thaganbe solved to give a result close to (if not precisely correct

for) the true case.

We start by assuming, as in the Schrodinger Equation, that the energy of a
system can be described by a single operator, the Hamilt@ianrtludng terms to

describe all contributions to the energy such that:

Equation 21

For an inhomogeneous system comprised of N interacting electrons we can

split this equation into three sources of energy contributions:
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Equation 22

Whereg Qis the ground state wavefunction (in a different form to that seen
in the Hartree/ HartreBock methods);Ythe kinetic energy of the system its
interaction with fields external to the molecule, aWdhe electron interaction i
(the internal energy of the systerfly; “Ycan be considered the total internal energy

of the system’O

Atomic and molecular systems are considered in DFT (and indeed quantum
mechanics in general) as a system of electrostatic forces interactingomet
another. In a molecular system, this Hamiltonian must therefore include terms to

describe every possible interaction, as described by the general form seen here:

Equation 23

Where'Y 'Y and'O pfB I, are a set of) nuclear coordinates, and
i 1 and'Q prB hj, are a set o electronic coordinatesp and are the
nuclear charges and masses respectivelyis can, in principle, have all of the
unknown terms derived by solving the classical form of the Ay Schrédinger
Equation, but in practice, however, this is almost impossible to do because of the

large number of degrees of freedom for both the electrons and the atom. The first
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assumption made to simplify this calculation processasttie timescale of electron
motion is so much faster, and the mass so much lower, than the motion of the nuclei
they orbit that they can simply be considered a probability wavefunction of electron
density about a stationary atom (the B@ppenheimer approximation). This
approximation also assumes that there are noradiative transitions between
different orbitals:electronic transitions can only occur with sofoem of external

interaction.

The second assumption, the Classical Nuclei approximation states that the
equivalent particle density in the nuclei of the atosisighly localised (enough that
the atoms can be treated classically as single objects, rather than quantum
mechanical wavefunctions unto themselves). With these two approximations in
place, the manpody Schrodinger Equation is left as a series of eleitiro
wavefunctions about fixed nuclear positions, not an easy task, but far more

accessible than the former case.

There are two basic approaches to the problem of combining wavefunctions
to form the electronic probability distribution in a molecular systetartreeFock
(HF) calculations and Density Functional Theory. In practice many of the best
calculated results possible today (and, indeed, the method used in this research)
actually use a hybrid of the two methods, taking some of the components iettoduc
in HartreeFock and converting them to a form that can be applied to modify the
electron density calculations (hence the DFT that we commonly refer to is typically

an extension of the earlier Density approximation method [see later]).

It is the final €rm in Equation 22, Y, where mambody effects come into

play. As seen ifcquations 22 and2-3:
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Y Y3 O = Opee
o3 ¢ Y3 B c — B > e
Equation 24
Where
. P
phpee c Bw »wy »ay »ay » B
h
Equation 25

And w andw are the creation and annihilation operators for the electrons,
obeying the antcommutation rulew; »hy »e | {1 » pe " deeis
the onebody density matrix, where the diagonal elements » ” »h»

correspond to electron density:

" e g > s phipee

Equation 26

In which:

" s B w »w peB

Equations 27 and 28
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Essentially, the interaction between the two particles is the sum of the
calculatedinteraction in either direction, halved, then acted upon by a correlation
function to define their true interaction potential (i.e. A acting on B, plus B acting on

A, divided by two then multiplied by some unknown coefficient).

With these definitions.Ycan be rewritten as:

QM p OO

Equation 29

In which the first term is the classical interaction of two electrostatic charges,
while the second takes into account the exclusion of twoasiyitharged particles

in similar loci.

This term can be split into two components: one for exchaeand one
for correlation 1Q); the value of Yis affected even further with the inclusion of an
exchange term, which also adds the mutual exatusi two particles with the same
spin (the Pauli Exclusion Principle). There is, of course, no exclusion from this for
electrons of the opposite spin at the same location, so we can Sag twae

approaches %2 as partioapproachesee

"Q ph» O - for »O pee

Equation 210
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"Yfrom Equation 29 can be rewritten in the form:

- L S " p” p»  BSg  p»
'Y E ’Qi)’ E ” S ” S
C S R C > R > >

(0] 9] 2

Equation 211

And so the term that describes the depletion effect of the exchange (typically

referred to as thexchange holes:

Equation 212

Unfortunately, the calculation of the equivalent term for correlation (the
correlation holg between the two electrori§ » , is not as easy to work out, and

the two must still be included as a single term encompassing both contribDtions

(theexchangecorrelation holg:

p ” >77 > - ) )
@) — Q »hp» p Q>
q S>> e
Equation 113
Hence, we can rdefine:
0 Y o 'Y

Equation 114
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With:

2 -
Y a n php > >Q>
W e =|I='Q>
- N
Y P >X» 0O
C S
Where:
. p-" T —~
O - —— "Qph» p Q>
q S e
Equations 215, 216, 217 and 213
AS:
9 ” I~ ’ ” ’
p-" et I S —~
- —— > - ———  Qyh» p Q>
8 S qC S e

Equation 218

87



2-2-2: The Kohn-Sham Approximation

In 1965 Kohn and Sham proposed replacing the kinetic energy”¥fion
interacting electrons with the equivalent term from a-mberacting systemy.
This approximation would save considerable calculation time, making ityhigh

desirable.

In this approximation® is redefined as:

O Y vV w ©O

Equation 219

Where:

0O Yo Y O w

0 is an approximation ofY from a repulsive gas model where there are no

interactions between valence electrons, the equivalent of repla®wiy Y.

In effect, the energy contribution from the interaction between electrons is
Omovedd and subsumed nntthis leales theceffactivee | at i «
kinetic contribution as simply the growstate kinetic energy level, and means that
the exchangeorrelation term can be far more easily calculated while the unknown

from the correlation is approximated later on.
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2-2-3: The Local Density Approximation and Modern DFT Methods

We can see from the classical equations shown above that the total energy of
the system is dependent on three things: the kinetic energy of the system, its external
interactions, and the internat@rgy of the system (including as it does a complicated
series of interactions, particle exchanges and correlation effects between electrons).
As described irSection 22-1, in Density Functional Theory the entire molecular
system is treated as a collectiof interacting electrostatic forces; as a result of this,
the three contributions are written and displayed in a format that describes their
energies in the form of electronic probability functions. We also know that the
exchange and correlation terranmot be easily calculated for a complex system and

must be approximated to save on computing power.

The simplest and still most widely used method of approximating the internal
energy of the system is the Local Dengigproximation(commonly referred to as
the LDA). In this approximation the electron density for the inhomogeneous system
(i.e. larger molecules, condensed phase systems, etc) is instead treated as being
locally homogeneous since the simpler homogeneous sy$seicts asvery simple
gase} do have exact numerical solutions, oan at leastbe approximated very
closely The two approximations made in the LDA are that: one,ettehange
correlation holeis centred athe firstelectron»when it is actually centred at the
other »geand two, that it is approximated by the equivalent from the homogeneous
electron gas, with a correction for the change in density to compensate for the

incorrect position:

Q> QS wE > ——

Equation 220
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The Local Density approximation calculates the energy of the exchange
correlation term using the inverse radius (the exchaogelation energy density

- " ) of theexchangecorrelation hole

Equation 221

Where:

” > >
>

Equation 222

is the exchangeorrelation energy density.

In the years since its publication, the LDA has been improved by a variety of
correction factors for localensity gradients, variations in decay with separation, etc.
In many cases, the construction of one functional (be it correlation or exchange) has
also led to the postulation of a term to describe its counterpart; a full description of
these terms is ingpopriate for this work, but a summary of those used here can be

found below.

As noted earlier, the most frequently used Density Functional Theory
equations use a hybrid approach to the calculation of molecular orbital properties.
Starting from theLDA, further terms are added in a linear combination (i.e. of the
form O ® O w E "Q’'Qo build up an appropriate mixed term that describes the
experimental system. The two methods used in the following investigation, B3LYP
and its predecessor B3PW91 areamples of this type of hybrid methodlt is
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important to realise that the development of these excheorgelation terms is an
ortgoing process: these are simply some of the best functionalities available in the
present day for the calculation of the pesties of molecular systefis®. Exact

terms for the B3LYP and B3PW91 functions, together with their derivation, may be
found in such publications aBFT Basics, New Trends and Applications by

Kohanoff and Gidopousi 2008.
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2-3: BasisSet Construction

The choice of basis set is simple but not necessarily an easy one  Aake
since the basis set used determines the underlying shapes and construction of the
orbital density wavefunctions used to build the molecular system (ircylartithe

valence orbitals used for bonding interactions).

Wavefunctions are not typically built from simple functionalitie®r (
example Gaussian distributions), but instead take the form of multiple overlaid
functions that may be adjusted in varyingportions according to the surrounding
molecular environment; the more compliére construction o wavefunction, the
better able it is to adjust under any given circumstances. For example, in a very
simple onecomponent orbital, a bond through spaceatajiven point may be
calculated as having an unusually high energy value. That same bond, calculated
instead with a composite wavefunction (with approximately the same overall
intensity, but different local distributions alorig may instead calculate lawer
energy due to a local mixing tiie underlying functionghat comprise it Changes
in the linear combination of such functions also allow effects such as polarisation
within orbitals to be accounted for, as the resulting changes in electronicydmasit

be represented by altering the shape of the composite distribution

Work in this investigation has been carried out using an array of additional
valence orbitals, polarisation and diffusion functions to see if any combinations

produce observablyditer fits to experimental data.

Basis sets have been constructed in considerable variety; typical Pople
notation describes the basis set in terms of:

1. The number of Gaussian functions comprising the core atomic orbital basis

function (followed by a hyphgn
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2. Two to four numbers, each indicating how many Gaussians are combined
into that many sets of linear combinations to form the valence orbitals (the
number of integers is referred to as zeta, from the notation originally used to
describe the STO basis fun¢ ons ) . These are referr
basis sets.

All work in this chapter has been conducted using #346+G (d) basis set
which has six terms for the core orbitals, sets of three, one and one terms for the
valence orbitals, and a combination of diffuse (+) and additionatbital
contributions, repreenting an flexible basis set for a calculation of this nature.
Initial experimentswith vanillin showed no observable differences in the resulting
vibrational or energetic calculations for either additionaripital contributions or

doubly-diffuse orbitls, and thus these options have been omitted.
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Chapter 3a: Gaussian Simulation Results Part-ISolid

Phase Vanillin

3a-1: Determination of the Optimised Molecular Structure for

Vibrational Calculation

This simulation process attempts to represent the solid phase infrared and
Raman behaviour of the vanillin crystal. Some assumptions have been made in the
construction of the initial model: although the crystal normally consists of multiple
identical moleules in close proximity and a repeating thdémensional pattern, the
structure here represents only a single molecule. Though the angles and bond
lengths in the molecular structure aranuallyfixed in the Gaussian input filéo
those observed in therystal there is no attempt made to simulate the peak
broadening effects normally present from intermolecular interactions, and the
calculated molecule remains isolated in a vacuum. Simulations of vibrational spectra
were performed using Gaussian 09 saft package. The molecular structure of
vanillin was first constructed by user defined input to agree with the structure
determined from the single crystatay diffraction data, with all atomic bond angles
and lengths fixed other than for hydrogatoms(the repeatingasymmetricunit for
solid phase vanillin can be found Figure 3ala andb below as pictured using the
ORTER3 progran?, followed by the associated crystallographic datZable 3a
1):
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Figure 3al and b ORTEP dsplayof the repeatindour-moleculeasymmetric unit
of solid phase vanillif | at er al 6 x foynd OEl/ ayrbe pd mach ee r e ¢
(Crystal data obtained fromR. Velavan et al, Acta. Crys{1995) C51, p1131

95



Unit Cell Lengths (A): 14.049] 7.874 [ 15.017
Unit Cell Angles (Degrees °):| 90 115.45| 90
Atomic Species: C H (0]
No. in Assymetric Unit: 32 32 12
No. in Unit Cell: 256 256 96
Covalent Radii (A): 0.77 | 0.37 | 0.66
Space Group Hall Symbol: P 2yb
Space Group HM Symbol: P1211
Crystal Class: Monoclinic
International Tables Number: 4
Space Group Multiplicity: 2

Table3a-1: Crystallographic data for the repeatirmpymmetric unibf solid phase

vanillin.

The hydrogen atoms were then optimised using the B3LYP function with the
6-311GBasis Set. This process normally produces a representation of the molecule
optimised in space for minimal group overlap, bond angle stresses, etc., though in
this case only the hydrogen atoms are permitted to move and all others are fixed in
place. Natully, this also modifies the Cartesian coordinates that the system records
for the constituent atoms in the molecule , and it is this modified version that was

then used for the further calculations detailed below.

Literature sources such &ovindarajan,et al,”., suggest the use of either
the 631, 6311 or 6311G basis sets, using a variety of methods of calculation. It is
suggested that the best results (i.e. most reliably close to the observed experimental
values for a molecular species of similar size anttfionality) are obtained for the
6-311G basis set using the B3LYP and B3PW91 methods. As a result, initial
evaluations were performed using the B3LYP and B3PW91 Density Functional
Theory methods, using the31G basis set with varying levels of modifion as
listed inTable 3a2:
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Basis Set| Method Modifications Used
6-311G B3LYP Unmodified
6-311G B3LYP Di ffuse Molecul ar Orb
6-311G B3LYP Additional Accessibleeb r bi t al s ( 6d
Both Diffuse Molecular Orbitaland Additional
6-311G B3LYP
Accessibleebr bitals (6+d5d
6-311G B3PW91 Unmodified
6-311G B3PW91 Di ffuse Molecular Orhb
6-311G B3PW91 Additional Accessibleab r bi t al s (6d
Both Diffuse Molecular Orbitals anéldditional
6-311G B3PW91 ] ]
Accessibleebr bi t al s (6+d6d

Table 3a2: Basis set construction for initial solid phase vanillin calculations.

Test example calculations were also performed using additional accessible p

orbitals in combination with other modificatisnbut these produced no differerce

the calculated vibrational frequencies or energies from the originéihe asolecule

is not expected to makese of higher level frbitals,and have thus been omitted.

The resulting absolute energy values for this structure were calculated using the eight

methods described ifable 3a2; the resulting values can be foundTiable 3a3

below. Basis sets are described using the relevant exchange function and

modificationnotation as described able 3a2 above:

Calculated Absolute

Function/ Basis Set 4

Energy (kJmol™)
B3LYP -1405433.505
B3LYP + -1405466.012
B3LYPd -1405812.597
B3LYP +d -1405848.545
B3PW91 -1404867.821
B3PW91 + -1404897.099
B3PW91 d -1405246.373
B3PW91 +d -1405272.906

Table 3a3
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Figure 3a2: The configuration of the functional groups of vanillin in the solid phase
crystal structure. Original picture in colour: the light coloured spheres represent
hydrogen, the grey carbon and the red sphespsesent oxygen atoms.
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3a-2 Vibrational Spectra Calculation and Evaluation for 4Hydroxy -

3-Methoxy Benzaldehyde

With the solidstate configurations geometrically optimised, we can now use
the Gaussian program to perform a simulation of the vibrational properties of the
molecule using Density Functional TheoryTables 3a5 to 3a1l1 contain the
relevant peak values for the simulated spectra including unscaled wavenumber
values (see later), calculatadrared intensities and calculated Raman activities, and
will be used for their evaluation shortly. In order to evaluate the qualithese
simulated spectra, it is necessary to make a direct comparison to experimental data.
Since the Raman data for the solid powder is the best resolved of the experimental
data obtained, we will initially consider the solid phase Raman spectrummidinva

then move on to thimfrared spectrum of vanillin pressed in a KBr disc.

Experimentally obtained Raman data for vanillin is showrrigure 3a3
(obtained using a Bruker IFS 66 with an FRA 106 Raman module attachment, a
1028 nm laser source at 658W intensity and a liquid nitrogen cooled PbS diode

detector at a resolution of 0cBn™) with associated peak data listedTiable 3a4.

99



Figure 3a3: Experimentally obtained Raman spectrum for reference data.
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