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ABSTRACT

X-ray Diffraction Studies of Amorphous Materials
Joseph J. Palmar.
Doctor of Philosophy
Temple University, 2013

Doctoral Advisory Committee Chair: Dr. Charles Martoff

This thesispresents atudy ontwo types of Xray diffraction methodologieapplied to
the characterization of amorphous materidise purpose of this study wasdssesshe
feasibility of measuring the diffractive spectrum amorphous materislby Energy
Dispersive Xray Diffraction (EDXRD) utilizing Cadmium Zinc Telluride detectors. The
total scattering intensity (cohereplusincoherent satter) spectrgprecisely measured by
high-energy WideAngle X-ray Scattering (WAXS) were compared to tB®XRD
spectra to determine the level of agreement between the two technitiue€EDXRD
spectra were constructday applying aspectrafusing technique which combined the
EDXRD spectra collected at different scattering angles renderimgntinwus total
scattering spectrumThe spectra fusing technique extended the momentum transfer range
of the observed scattered spectrum beyond the limitations of-tiag Xource and CKZ
detection efficiencies.Agreementbetween thaNVAXS and fused EDXRD spectraas

achieved.



In addition, this thesis presentsthe atomic pair correlation functienand
coordination numbers of the firsbordinationshell for four hydrogen peroxide solutions
of varying mass concentrations using Empirical Potential Structural Refin¢EfeBR).
The results are compared to the statéhe artad initio quantum mechanat chargefield
molecular dynamics (QMCF MD) modef the hydrogen peroxide in solution to support
the modeis predictions on why hydrogeperoxide is stable in wateiThe EPSR results
using the coherergcatteringintensity calculated from the WAXS data set predicts a
hydration shell of 6.4 molecules of water surrounding hydrogen peroxide. The results
also indicate that hydrogen peroxide is more likely to behave as #&oprdonor than
acceptor. These findings are in agreement WMCF MD model of gueous hydrogen

peroxide
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CHAPTER 1

INTRODUCTION

Technicaladvancesn semiconductor radiation detectdrave enabléresearchrs
to apply EnergyDispersive Xray Diffraction (EDXRD) to the fields of health and
security In the field of bomedical researcland diagnostic radiographthe material
specificityof the EDXRD spectrunhas been used to differentiate between cancenodis
benigncellsaswell asenhancingheimagecontrastof digital X-ray radiographg§l, 2, 3
4]. In the field of security, EDXRD has been utilized in théedgonof explosives and
illicit drugs hidden within packages and luggage 6, 7, 8, 9, 1011]. Much of the
EDXRD research conducted within the security realm in the Zfagéarshad foaised on
identifying unknown substanedyy classifyingthe diffraction peaksagainst a libraryof
known standardsi.e. phase identification The EDXRD-basedexplosive detection
systems arecurrently commercially availableand are functional security elementat
airports outside of the United Stafég].

In August of 2006, the British authorities prevented a terrorist plot attempting to
destroy passenger airplanes with liquid explosives concealed in soft drink bottles. In
response to this event the Transportation Security Administration (TSA) estalihghed
A 3-1 0 rwhitcheregulates the amount of liquids a passenger can carry through
screening cheelkmoirnulse. i sThfere@Iient!|l y mi sun

resulting in costly delays at checkpaintlt is also regarded by many passengers as an



inconvenience as the quantities of benign items like toiletries and medicines are greatly
regulated[13]. However, liquid explosives are a serious threat to airline travelers and

could remain a threat for many years to come. Any significant change$eto t
Ad-10 rule wildl reqguire new technihéTSdy t hat
announced the need for a reliable method to detect liquid and amorphous bulk explosives,

as well as other dangerous substances like flammables and concenidgehddases.

EDXRD research within the past six years has focused on the characterization of the total

scattered Xray spectrum of amorphous materials [14].

The motiation for this researchwasto assisin the developmendf an EDXRD
spectrometer fomaterial characterizatioresearch ofiquid and gellike explosives and
other benign amorphous material¥he research was supported by the Departroént
Homel and S ensportaiionh ySécarity Tabaatory (TSL) and mast the
experimentationvas conducteavithin the walls ofthe Bulk Detection Laboratory (BDL)
at the TSL The purpose of this study was assesghe feasibility of a custom built
EDXRD spectrometewhich utilized Cadmium Zinc Telluride (CZT) semiconductor
detectos for yielding spectra thatare characteristic to the expected total scattering
intensity spectrum of the investigatathorphousmaterial. This studyocuse&l on an
acute sample set of materials that are of interest to aviation secthgysample material

list is presented inTablel1-1.



Tablel-1 Sample Material Lis(includes a few innocuous materials)

Substance

#2 Diesel
Acetone
Ethanol

EthanotWater Solution (40% abv.)
Honey
Hydrogen Peroxide Solutions (10%, 20%. 30%. 40% nr
Methyl Ethyl Ketone (MEK)
Nitromethane
Peanut Butte(2 phase system)

Water

This thesis wil present a systematstudy ofthe sample materialstilizing both
AngularDispersie X-ray Diffraction (ADXRD) and EDXRD methodologies.The
ADXRD experiments wereonducted athe Advanced Photon Source (APS) at Argonne
National Laboratory (ANL)High-energy WideAngle X-ray ScatteringWAXS) was the
ADXRD methodology usedo collect baseline spectra foassessing the qualitgf
EDXRD results In this thesis calculations ofthe pair correlation functions and
coordination numbers for hydrogen peroxide solutions obtained using EmpirieatiRlo
Structure Refinement (EPSRYe presented The results are compared & modern
computer model.This research wildlsoextend an EDXRDspectra fusing techniqubat
combines the spectra collected at multiple scattering angles to yield a castinuo
scattered spectrum with an extended range.

The material presented in thisesis is broken down into sadditionalchapters.
Chapter 2 covers the theoretical aspects -g&Xinteractios with matterpertainingto

the X-ray energy range applied ihe experimentsonducted in this thesisThis chapter



will also review theanalytical methodology applied to diffraction data for extracting
structural functions A basic review of EDXRD instrumentation is also providéd.
Chapter 3 the WAXS spectra agiisition activity and results are presented in detail.
Structural functionsare extracted from the observed data arid; most samples
investigated,the extracted radial peak locations of the microscopic pair correlation
functions are compardd valuesfound in literature Chapter 4will present the results of
the Empirical Potential Structural Refinement (EPSR) of hydrogen peroxide salutions
The results are compared ttoe predictions obtained fromfi s t-odtheeartd ad initio
computer simulation alled quantum mechanical charge field molecular dynamics.
Chapter 5 reviews theustomEDXRD spectrometebuilt to perform thisstudy. Chapter

6 focuseson experimental rsults obtained fronthe EDXRD spectrometer. This section
will provide technical deils on the data collection methodologynd the data analysis
techniquesused to merge the total-bay scattered spectcllectedat discreteangles to
form one continuouspectrum withan extended momentum transfer ax@hapter7

gives the conclusive remarks for the experiments conducted in this study.



CHAPTER 2

X-RAY SCATTERING AND EDXRD
INSTRUMENTATION

This chapterreviews the theoretical aspects of-fdy interactios with matter
within the energy rarmg (10 keV tol150 keV) usedin the X-ray scdtering experiments.
The chapter will also reviethe theoreticahipproachto X-ray diffraction by amorphous
substances first introduced Bebye and Menkand byZernicke and Pringl5, 16, 17,

18]. This chapter will also includéescription of a typical EDXRD spectrometer

2.1 X-ray Interaction s with Matter

In principle photonsof moderate energwill interact with the orbital electronsf
atomsin one of the thre®llowing ways:

91 Elasticscattering

1 Inelastic scattering (Compton scattering and RasoeRaman Scattering)

1 PhotoelectriAbsorption.
Elastic scatting is rainteractionwhere theenergyof the incident photon is conserved
after scatteringandonly the direction of th@ghoton changesFor inelastic scattering a
fraction of the photon energy is transferred to the a&ft@r which, depending on the
amount of energy transferred, the atom will either ignibsing an electron (the
Compton Effect)or the energy transfer will excite the atoéona higher energgtate but

not ionize the atom (Raman Effect). The X-ray energies typically used iX-ray



diffraction (XRD) are far fromresonanceso the prevaleninelastic process ig/pically
Compton scaering. Photoelectric absorption is process where the photon is
completely absorbed by the atom and a photoelectron is ejdéotledved by photon

emission.

2.1.1 Elastic Scattering
Thompson scatterings the scattering of electromagnetic radiation by rgoi

particles. For free electrorthe Thompsomifferential cross section can be expressed as

Q2 (2.1)
o | SHAHs -

Qm

where (XU and QXU are the polarizationdirections of the scattered and incident
electromagnetic wave, respectively, dands the Lorentz classical radius of the electron
with chargeQand massx (i  Qjé& @ = 2.818 x 10° m) [17,18. For unpolarized

incident Xrays,Eq. (2.1)can beaveraged over all possible polarizations to yield
i p Al 6— (2.2)

where¢—is the scattering angl&q. 2.2 shows that the scatter intensity of an eled¢tasn
a maximum wherg— 0° and a minimum in the antiparallel directiare. when¢—

180C.



Eg. 2.2 can be exteadto atomic systems as long as the frequency of the incident
radiation is large compared to the characteristic atomic frequert€eeh point scatter in
the electron cloud is independent and adds coherently wc#teered amplitudeUsing
the Born approximatignthe atomic form factor(or scattering intensijy can be

determined by the Fourier transform of the electron point dehsiy

"Qa " QY| (2.3)

where »is the radius vectorais calledthe scattering vectora

) and is the
difference between the scattered and incident mawbergd19,20]

The scattering vector is the momentum transferred tatibmic system in terms
of wavenumber units (units of inverseavdength). The magnitudeof the scattering

vector is

n —OE+ (2.4)

were_is the wavelength of the scattered radiati@u 2.4 is often expressed in EDXRD
literature as®w njt“. This alternative expression will be used this text when
discussing both EDXRD and ADXRE2sults.

Using Eq 2.3 and 2.2, the differential cross section for elastic scattering by an

atom can be expressed as



Q.

Q.
ay S2As (2.5)
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Eq. 2.5 can be calculated using standardegatsing the wave approackhe elastic
scattering interactiofrom a collection of atomsvith some prescribed spatial ordering
will yield a diffraction pattern as the scattereelectromagnetic wavesill be in phase

with identicalfrequencies.

2.1.2 Inelagic Scattering (Compton Scattering)

Within the energy range used this thesighe resonancdRkaman scatteringross
sectionwas ignored asComptonscatteringis the major contributor to the incoherent
scattering intensity. Compton scaéring is the ionization ofatoms arisig from
interaction betweerphotons and bound electrons. Téeattered photon is of lower
enggy as a portion of the initial, incideenergy is transferred tine atom The phase
information is lost in this interéion, thus Compton scattering is a type of incoherent
scattering. The differential cross section for incoherent sdattan atoncan be written

as the product ahe incoherent scattering function approximatft8FA), "Yr , and the

Klein-Nishina diffeential cross sectiop—,

= = "Yn 8 (2.6)
The KleinNishina differential cross sectionrfa free electron is definad terms of the

scattering anglandangularfrequency , andcan be written as
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The ratio of the scattedto incident frequencies is defined as

(2.8)

whereo isther educ ed Pl anddkddistheceleatrentreaterter{Ba]n

Eq. 2.7 and 2.8 assumes that the electron is fféés is a valid approximation as
long as the incident photon energy is much larger than the electron binding efkayy.
Compton Effect is suppressed at small momentum transfers, i.e. at the low incident

photon energies or small scattering angles.

2.1.3 Photoelectric Effect
Photoelectricabsorptionis the processwhereby electrons are ejected from a
substance due to thmomplete absorption of the incident ptiot The kinetic energy

imparted to the electrons is given by

(o) %o (2.9)

where%o.is the electron binding ener¢g2].



Following the ejected electronsharacteristicX-rays are emitted du® a cascade
of electrors filling the lower vacant shell. It is also possible, though not particularly
common, thathe vacant shelk filled by the captureof a free electron.The energy of
the emitted photon will be equal to the energy difference dmtvihe binding energies of
the initial and finalshells The energy of the emitted-bays is characteristic to the type
of atom. It is also possible for the emitted photon to eject an additional electron aut of a

upper, lower energy shell. These elentrare called Auger electrons.

2.2 Total Scattering Cross Section
The differential cross section per electron per unitisagle for total scattering by

a monemolecular liquid can be expressed in general terms as

Vw —Yw (2.10

where 0 is the Avogadro number, is massdensity, andy is the molecular weight
[23]. Y w is the moleculaiSFA and can be calculatesing theindependentatomic
model (IAM) [23, 24, 25 26. The incoherent scattered intensities of each atom are

summed togethexccordingo the following equation

Y 6 Y @ (2.11)
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where ¢ is the atomic abundance for tf@ element "O @ is the square of the
molecular form factor which contains information about the molecular struanaoe
partial correlationrelationships with other neighboring moleculdsurther details about

the coherent scattered intensity for molecules will be presentbd imext section.

2.3 Coherent Scattering bya Collection of Free Atoms

The diffraction peaks of liquidare generally less in magnitude and broader in
width when compared to sharp Bragg reflections of cryst@ilss is due to the fact that
amorphous materialslo not have longange order However, interference effects
between the shoeranged, neighboring atomll occur, thusresulting in a spectrum that
is not consisted with IAMpredictions Using the conventiaa sphericalapproximation,
theatomic form factor will be independeot the direction of the scattering vectwthe

scattered coherent intensity for a collectior) citoms can be expressed as

‘o o0 4> oo &> "0 "QQQ 4> (2.12)

where » » » is the vector distance between the atéand atomQ[17]. The

first term in Eqg. 2.12 on the right hand side is the-sedttering intensity of the atom and
will follow the intensityprofile predicted by AM. The second term on the right hand
side provides the interference of the different atoms and is called the esstatietring
term. For isotropic mediums, all relative orientations are equally probable, thus the

average orientain yields the Debye equation for scattering

11
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e 8 (2.13)
For atomic liquids that contain different types of atoms, 2.13 can be rewritten in
terms ofpair correlation function§l7]. The pair orrelationfunctions ” 1 , predict
the number density of some atdin r et at soene at om b at some r

from athermallyav er a g e E@ 2.18 man fbe readdressed, whére is the

number of atom types the liquid,
0 0 O |li
== o S gg v ﬁi?ln i8 (2.14)

Now by subtractingind addinghe av er age n u ndEeg.r2.14dne drgppingy o f
the very small angle scattering portion of the overall intensity, Eq 2.1&ecgawritten

using a new term which reflects the Fourier transfofrthe electron charge densityr

t heb Uc or rie thegsubbstanceor in other words, theartial static structure

factor©O ,
0 0
—_ = sQs 5 A0 R (2.15)

where

12



O Akt 17 1 " —/—Qipx8 (2.16)

This quantitycan bederiveddirectly from experimental data if the liquid is monatomic,
otherwisethe knowledge of the composition of the liquidréqjuired to determine the
partial static structure factor3.he partial paicorrelationfunctiors arecalculatedoy first
inverting the Fourier transform in EG.16, then dividing everythingby the average

number density ob. This produceghe pair correlation function,

Qi P R0 R ORIIQ® (2.17)

P
o
The precedinganalysis did not account forcorrelations between molecular
orientations nor did it address nospherical charge distributions.Extending this
approach isactually quite complicated and would likely be impossible without the
insertion of some sophisticated model predicting the liquid structure. For a molecular
liquid consisting ofa single type omoleculewith a nonrspherical charge distributiothe

coheent scattered intensity can be written as
o) 60 A O O AMO A QOMr QEQiQr O (2.18)

wherer represents the Euler angle¥) »+ is the molecular pair correlation function
and” is the bulk density of the liquif27]. In the case where macroscopic isotropy of

13



sampledensity andorien@ation independencef molecular pairsare assumedeq. 2.18

can be rewritters

™ 600 o0 Ui " QI T'Qi (2.19
Narten and_evy ([25]) had demonstratetthat if the molealar charge distribution came
assumed spherigahen d0 1 O 60 i O when using the free atom approximation,

thus the molecular static structure function dam calculated from the measured

diffraction datausing

8040 _Of

K ; 2.20
0 A 50 7O 50 A O P (2.20)
where the average molecular scattering amplitudiefimed as

o .., OHI

2.4 Energy Dispersive Xray Diffraction

Both ADXRD and EDXRD mesurements @re performedon the sample material
set. Technical aspects of the ADXRD instrument will be reviewe@hapter3, whereas
areview of a typical EDXRD spectrometesetupwill be presented in the forthcoming
section Additional detéls specificto the customEDXRD spectrometeused for data

collectionbe provided inChapter 5.
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2.4.1 Typical EDXRD Instrumental Setup
The setup for atypical inlaboratory EDXRD spe&trometeris rather straight

forward A simpleschematic othebasic setup idisplayed inFigure2.1.

Primary Collimator Specimen

B S
lj / ezim top

— b— ¥ ._l

/ ! Detector

X-ray Source f~

— Detector Collimator

/

Figure2.1. Basic EDXRD instrumental setup

The primary components of the instrument undéthe X-ray tube, the beam shaper and
primary collimator, the sample material, a collimator for the deteetod an energy
resolving Xray detector. Bulk inspection of the sample volume is typically conducted in
transmission.The scattered spectrumngeasuredising semiconducting detectors. In this
thesis Cadmium Zinc Telluride detectors were used, howeverphigty germanium is
commonly used for systems that inspect crystalline substdemEsise ofts supeior
energy resolution

EDXRD measures the energy spectrum of white (polychromatigpyX

diffracted through a fixed scattering anglEhe energy spectrum, calledaal scattering

15



or EDXRD spectrumplots the number of Xays detected as a functionerergy. The
scattered Xay spectrumis measuredby the energy resolvingdetector where the
measurd signals are processed usisgndardNuclear Instrumentation Modul@NIM)
electronics ghapingamplifiersand multichannel analyzers [MCA] The MCA cavers
the pulse height from the shaping amplifier ome value ofenergyvia a scale
calibration which is performegrior to data cdéction. A histogram of photon counts
per energy bin is developed during the course of the collectiotine X-ray fluence is

high, the collection time periodanbe short when compared to ADXRD collection times

2.4.2 Peak Resolution

Due to the nonzero Bragg windoweffect created from the slit widtbf the
detectorcollimator, the peakvidths of EDXRD spectrawill be largerwhen compared to
widths obtained fronconventional ADXRD techniques. This broaohgneffect is due to
the small range of angles accepted by the collimatéteducing the slit width of the
collimator will increase the peak resolution of the instroti®it the collection timewill
also increase.

Figure2.2 displays theSi;q; diffraction for powdered silicon measurég both

ADXRD and EDXRD instrumentation.
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Figure2.2. The ADXRD and EDXRD spectrum of the;§idiffraction peak both as
function momentum transfer. The ADXRD spectrum isa solid black line, the
EDXRD spectrum collected using HPGe is displaysthg the solid black line with
squares, the EDXRD spectrum collected using CZT is shown with the solid black line
with the open circles.

The solid black line in the figure is the ADXRD profile for the diffraction peak. The
ADXRD measurement was obtadheising a Bragd@rentano diffractometer configured
in the reflection modeThe EDXRD measurements were acquired at two different times
using two different detector typediPGe, open squares, CZT, open circles) to also show
the broadening effeamposed bytype of semiconductor used in the detectdoth
EDXRD measurements were collected in the transmisaiuate.

The ADXRD profile of the silicon peakloes exhibit a smaller FeWidth-At-
Half-Maximum (FWHM). The FWHM of the EDXRD spectrum measured usii3¢
was approximatelp6% widerthan the ADXRD spectrum while the spectrum captured
using CZT wa®98% wider. A fraction of thebroadening of the peak FWHM is caused

by holetailing effects of the semiconductors, however the major influence is the

17



collimator slit width. Comparing the FWHM of the two EDXRD peaks, the CZT peak is
approximately 44% widerthan HPGe, demonstrating theegradation ofenergy
resolution due toincreasedholetailing effects. Since the diffractionspectra of
amorphous materials dwt exhibit a series of closelgpaced Bragg peakisut rather a

single broad peatypically, the peak resolution is not a major fadtothe experiments
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CHAPTER 3

WIDE -ANGLE SCATTERING OF LIQUIDS

3.1 Introduction

In Chapterl it was stated that a set of reference profesneeded to determine
the degreeccuracy obtainablgom the EDXRDspectrometer To establish a basis for
further analysisa representativeset of sample materialgastaken toAPS where high
energy WAXSmeasurementwere performedin this chaptea description othe WAXS
diffractometer setup the experimentalacquisition method, thedata reduction and

corrections routinesand results and provided.

3.2 Experimental Setup

3.2.1 High Energy WAXS ifiractometer

WAXS is a commorty used X-ray scatteringexperimentaltechniqueused for
determiningintermolecular structure of amorphous materialAXS is an ADXRD
techniquewhere the scattered intensityiscolleceed a functi on of scat
The angudr range of a typical WAXSpectrumis betweerthe scattering angkeof 5° to
120C; howeverthe maximum and minimumraluesdo vary in literature

High-energyWAXS is a stateof-art structurableterminatiortechniquethat utilizesa
nearmonochromatic souraaf X-rays with energies greater than 100 K&8, 29. In the
past twenty yeardarge laboratories like ANL/AP®iave added or modified existing

synchrotron beamlines tperform highenergy WAXS measurementsThe two main
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advantages for usinghigh-energy Xray over conventional Xay tubebased
measurementsre thehigher momentum transfer values obtainabl&his provides
improved spatial resolutioand, if the sampleolumesare smaller thanl mn?, the
multiple scattering athsample selattenuation effects are very minbmot negligiblein
somecases

The highenergy WAXS measurementswere conducted at theAPS 11-ID-C
beamline. Thebeamline Xrays are generated by a downstream undulator which, prior to
reaching the testhambey pass through ai@11) Laue monochromatevhich creates an
X-ray beam with am mean energy of 11V (I = 0.1078 A)andbeamresolution of
(DE/E) of 5 x D*. The photon flux at 115 keV was reported talbe 10" photons/sec
The spot size of the irident beam iseducedby a series of collimatort® 0.1 x 0.1mn?.

Figure3.1 displays the multstage collimation system.

OETRARE 16:58
! B

;\

A

Figure3.1. The multistaged Xray beam collimation system at-1D2-C
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The scan geometry of the diffractometesisin the transmission modehich is
depicted inFigure3.2. The scattered Xays are collectely aPerkinElmer1621 AN3
amorphous silicon asedetecor setto a predetermied sampleo-detectordistancé of
349.8870 mnTor this set ofexperiments. A lead beam stop wasstalled between the
collimation system aharea detectoandwasused to prevent thieansmittedoeam from

damaging the detta.

00
O DTE . X

Collimators Beam Stop  Area Detector

Figure3.2. A simple schematic of thagh energy WAXS diffractometer

3.2.2 Sample SetContainer Typeand Sample Preparation
Table 3-1 lists the sample materiglbrought to APS with the corresponding

concentration or gradandbulk density.

! The area detector consisted of a 2048 pixel square matrix with a square pixel pitchvof.200
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Table3-1. WAXS Sample Set

Substance Concentration or Grade Density (g/cn)
Acetone O 99.9% Capi 1079

Diesel Fuel #2 Fuel Ol 0.832
Ethanol 200 Proof Anhydrous 0.789
Aqueous Ethanol Solutiol 50% (v/v %) 0.951

Honey Fancy Grade A 1.443
Hydrogen Peroxide 10%, 20%, 30%, & 40% SeeTable3-2
Methyl Ethyl Ketone ACS Grade 0.805
Nitromethane O 95% ACS Reill37
Peanut Butter (Creamy) - 1.091

Water DI water 1.000

All materialsexceptfor the hydrogen peroxide solutiomgere purchasednd thebottled
concentrations wereised The hydrogen peroxide solutions were prepaogdTSL
chemistsby diluting a 70% stock solution. Thencentrations of theydrogen peroxide
solutionswere verified by titration and refractive indéRRl) measurements performég
the TSL chemist The measured mag=ctiors of H,O; in solutionare provided ifrable

3-2 with the correspondinbulk densitiesof the solutions

Table3-2. Mass Fraction (g.4/0solution Of Hydrogen Peroxide in Solution and Calculated
Densities (g/ml)

Target MassFraction Titration Results Rl Results Density(g/ml)

0.1000 0.1003 0.0989 1.0342
0.2000 0.2022 0.1986 1.0718
0.3000 0.2981 0.2983 1.1088
0.4000 0.3966 0.3930 1.1470

Sample materials were transported to APS by a common carrier in 50 ml &algen
polyethylene bottlesThe bottles for the hydrogen peroxide solutionere passivated
using a 70% hydrogen peroxide solutiomor to filling. Small volumes of the sample

materiab weretransferredo either a quartz or polyamide capillary tube usirgyringe
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The peanut butter and honey samples were injected into the polyamideTiubasside

diameter for both capillary types wa$) mmand both haa wallthickness of 0.01 mm.

3.2.3 Test Procedure
The test ppcedure for collecting théatawasbroken down intcsix general steps
1. Instrument alignment
2. Detectorgain correction
3. Registrationof the sample stage
4. Calibration of the scattering angleale
5. BackgroundX-ray scatteringmeasuremestof the instrumentwith no sample
loaded, andan empty samplecontainer (i.e. the quartz and polyimide capillary
tubes).
6. Collecton of WAXS patterns
Steps 1 and 2 were performed by the beamline scientists ptioe $oheduled start time
of the measurements.

Prior to makingthe measurementle samplematerials which wereprepared in
capillary tubs, were inserted into an aluminum mounting fixture. The fixtdisplayed
in Figure 3.3, was designedb house multiple sample materialghich enable the ability
to scan multiple samples without the need to individually align each sapmgveled the

sample translation stage was calibrated
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Figure3.3. Sample fixture and area detector

The registrationof the samplefixture with respectto the incident Xray beam was
performed. This was done by firstastening thesamplef i xt ur e ont o t he
translation stagasdepicted inFigure3.3. The bearsstop was removed and replaced by
a solidstate detector. As the samplg®sitioned inthe fixture, translated across the
incident X-ray beam the solidstate detector measuréide tansmitted intensity. The
minimain measuredntensityas a function of position dhe translation stagendicated
the positionof the sampleselative to the center linef the optical axis of the system
Sampe registration was conducted for each gemmaterial After completing

the registration procedure, tselid statedetector was removed, and the bestop was
put back into positiom front of the area detector

The next stepvas to calbrate thescattering angle. The calibration procedure

typically requires aWAXS pattern ofsome crystalline reference material For these
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experimerd a 1 mm diameter rod dferia (Ce,O) located in the center of the sample
fixture was used as the referencehe gayscale intensity image of the diffraction pattern

of Ceria as imaged by the area detector is displayEgjure3.4.

Figure3.4. The grayscale image of tRedimensionadiffraction pattern of CeriéCe;O),
imaged on the area detecatrambient conditions

The acquisition parameterssedto capture this imagvill be describedin the next
paragraph The scattering anglescale calibration was performed using the computer
software calledrIT2D [30,31]. To perform thescatteing angle scale calibration this
software requires the following inpmut

1. Thewavelength of the incident-rays( & = 0.)107 980 |

2. The ampleto-detector distance (SDD = 349.8870 mm)

3. Thepixellocatiors of the first diffraction ring

25



FIT2D will then calculate the scattering angles using this input and the stored Miller
indices for Ceria.

Twenty-five imagesin total were collectedor each samplenaterial Images of the
empty sample containers and of the instrument by itself were collected as Easlh
imagewas a summationf 20 onesecondexposures.This acquisition methogdrevented
the area detector from saturatiogt alsoprovidedhigh photon counts Thetotal number
of photon detector countsr eachonedimensional diffraction pattemanged fromiL0® to
10° photons The total acquisition time for each sample was approxima@ minutes.

The detector darkignalwas alsameasured by collecting the detector response with the
X-ray beam shutter closedl'his image was collected at the beginning of each individual

set ofscars.

3.3 Corrections and Data Reduction
The measured twdimensional data were reduced to -@lmensional diffraction
patterrs andthencorrected for multiple effectsFollowing the correctionthe scattered
intensity scale wasonvertedfrom detector photon counts &bectron units (e.i This
section will review the data reduction and spectra embion procedure. The
methalology describetbelowwa s adapt ed f r o monWaeay diffeactions t e x t

[17]. Thecorrections applied to the ortémensional Xray patternsire as follows:
1. Subtracting Bckground photon counts due to-rays scatteringfrom the
instrumentair, andcontainer,O ,

2. Incident Xray beam polarizatior®,

3. Multiple scatteringM.
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4. Sample seHabsorptionA,

5. Compton scattering®

The algorithmic approach for correwg for the above effects can be expressed

mathematicdy as:

D 0z O O ©z0O O T0bH O (31)

whereK is thenormalization factor for converting the intensity scalelextronunits.

An set ofalgorithnms weredeveloped using MATLAB to calculte the coherent
scattering form factors, static structure functions, andlecular pair distribdion
functions[32]. TheMATLAB algorithns areprovided in Appendix A.This sectiorwill
provide the detailen the data reduction procefise correctionshiat were applied to the
1-dimersional dataand the method applied to calculate the coheseaiterintensity, the

static structure factor, and th@croscopic pair correlation function

3.3.1 Converting the Dimensional Diffraction Bttern toa 1-Dimensional Pattern

In addition to calibrating the scattering angle scal&2D will also transform the
two-dimensional image data into cdenensional diffraction pattesn The progranuses
an algorithm whichthrough an interpolation schemstegrateshe rings in the images
aroundapolar axisto renderaonedimensionadiffraction pattern The transformedne

dimensional diffraction pattern for Ceria is showrFigure3.5.
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Figure3.5. The dimensional diffraction pattern for Ceia ambient conditions

3.3.2 Instrument Background and Empty Container Subtraction

Since theWAXS measurements were acquired in transmission mauegbound
contributionsarising from the sample container athé instrumenthave to be subtracted
from the measurements. The background contributiande estimated and removeyl
measuring the scattetespectrum produced Hyoth an empty sample container and the
empty apparatushen subtracting portions of theeduced (ddimensional)background
intensitiesfrom the reduced rawsample spectrum The algorithm for subtracting the

background contributionapplied in this studis expressednathematicallyas

"0 O W0 g W0 g ®© (32)

28



where’O gandO gare the empty sample container and empty appanatieissities
respectively, andd, @, &, andow are multiplicative and additiveoefficiens used to
adjust the intensitiesEq 32 assumes that theckgroundcontributiors addlinearly to
the measuredntensity spectrumof the sample material. E®.2 also assumes thdhe
empty instrumental volume and empty sample container are macroscopically

homogenous.

3.3.3 Multiple Scattering

The WarreAMozz approach forcorrecting the measured spectrum for multiple
scattering effectsvas used[33]. The multiple scatteringcorectionsto the measured
intensity was a nonlinear function of scattering angle with a maximum secewoeary
primary intensity ratio ofess than 3% for all sample materials. The multiple scattering
contributions to the overall intensityas expectetb be minor because of the high energy
X-rays of the incident beam. Regardless of the incidergyXenergy itis customary to
approximate the intensity of higherder scattering from the double scattering intensity.
Since the WAXS measurements were condiiégtetransmission mode, thBwiggins
Park modification to theWarrenMozzi algorithm was usedbecause the original
algorithm was developed for reflection geometaaky [34].

The general equation for calculating the primary scattering interlGiy a

volume elemen€xy can be written as

Q0 ——0¢—¢06 W (3.3)
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where “Ois the primary beam intensit@is the charg®n an electrona is themassof
an electronis the speed of light in vacuunt is theradiusof the capillary tube 0 ¢—
is the firstorder scattering intensitg,—is the scattering angle, agdis the number of
structural units per unit Wome (i.e. the number dsity). The singlescattered

polarization factod canbe expressed as

o — (3.4)
The singlescatterd sample selibsorption factod can be calculated using
6 A@po (35)

where * is the linear attenuation coefficient of the substance, @il the distance
traversed by the incident and scatter photothen sample volume. The incident and
scatteredphoton pathsn the sample voluméD"Gnd "O'Crespectively,are depicted in

Figure3.6 for the singlescattering case.
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Figure3.6. The path traversed by a photon scattered once in the sample volume

As depicted irFigure 3.6 the total distanc&aversed by the photon is

o "O0 0@ (3.6)

For the doublescatteing case, the incident beassattered afxo at a scattering

angleq— is thenscattered a second time'@ with a scattering angle a— prior to

exiting the sample volume. The double scattering interaididapicted irFigure3.7.
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Figure3.7. The path traversed by a photon scattéwade in the sample volume

Here the secondcattering intensity can be calculated using

(3.7)

— £ — 00— £ '® 00
oo0a w a oy

where"OQGs the distance betweémo andQw . The doublescattering polarization factor

is calculated using

0 WEL— W& E— Oé—Qég— wéc— ¢ (3.8)
and the doublscattering absorption coefficient is calculated using

6 Agbo (39)
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where the path length is equal to
0 00 00 00 (3.10)

The WarreAMozzi method for calculating the ratio of the secondary scatter

intensity over the primary scatter intensity,is to first approximate the firsirder
scattering intensity by

. 311
= . p N (311)

wOEF 6 1
C P ooﬁc——

wherer) and 0 are fit parameters,0 B &, andZ is the atomic number. E®11
provides a very simple equation to intag when calculatingg. 3.3 and Eq3.7. Figure

3.8 displays Eq3.11 with varyingr} andv parameterdut holdingd atunity.
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Figure3.8. The total scattering approximatidag. 311, isplotted as a function of the
scattering angle at different valuestofndn with 6 set to one.

The secondary to primasgcattered intensitsatio is expressed as

6 0 UMm—H o (3.12)
0¢—BO °

O
D

whereD is the integrabf Eq 3.3 divided byportions ofEq. 3.7 with respect to the input
parametersbmic—H G 6 the atomic weight of each element of the structural, amid

* is the mas attenuation coefficient faach element. Thealculation of0 is very
straightforward however it is very lengthy and willnot be reproduced hereThe

solutions for0 for boththe transmission and reflection modes can be found paper

authoredby Dwiggins andParks[34]. Figure 3.9 displays the secondatg-primary

scattered intensity rati@O -0 for water as a function of scattering angédculated using
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Eg. 3.12 At a scattering angle of 28he algorithmyields a secondaryo-primary

scattering intensity aipproximately 3%.
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Figure 3.9. The secondry-to-primary scattering ratidor water as a function of
scattering angle

3.3.4 X-ray Polarization Correction
Partial polarization of scattered by atomsll have an effect on the measured
scattered intensity as a function ofatering angle. Angular dependencef the

polarization correction factor can be expressed as

. p OGAT O— (3.13)

where daccaunts for the degree of polarization of the incidentaXs. Forthis set of

experimentsit was suggested bthe APS beamline scientists to get 0.05. This
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material independentorrection accountedfor the slight vertical component of the
incident X-ray beam([17]. Figure 3.10 displays the polarization correction factor as a
function of scattering witti= 0.05. The minimum correction factor has a valag

0.9525 which occurs at 90°.
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Figure3.10. Polarization correction factor plotted as a function of scattering angle

3.3.5 Absorption Correction
As the incdent and scattered beams tratlelough the sample volumthey are

attenuatedin general, he attenuation of the beams will follow the Bé&ambert law

) )A (314)

where) and) are the attenuated atitke incidentbeamintensitiesrespectivelyt % is
the linear attenuationoefficientas a function of photon energy, ané the path legth

traversed by the beams.The sample selébsorption, flat slab approximation was
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implemented in the correction algorithmrhe angulardependentorrection factor is

calculated using

6 o0A@P—jAIT-O (3.15)

The linear attenuation coefficients were calculated using tables prdwdedbbell and
Seltzer [35, 3. The absorption correction factor relative to the absorption at
transmission2 d 0%is displayed inFigure 3.11 as function of scattering angle for a
range of O The anguladependence of the absorption correction factor is minimal for

the angular range arshmple materialgsed in this study.
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Figure3.11. Absorption correction factor as a function of scattering
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3.3.6 Atomic Scattering Amplitude and Incoherent Scatted Amplitude
Parameterization

Parameterized equations for the atomic scattering amplitude (or atomic form
factors) and the incoherent scattered amplitasle function of- O E-fwere used in the

data reductiorprocess. The parameterized equation for the atomic scattemnpbitude

canbe calculated in electron units usinglinear combination of fiveGaussians plus a

constant term,

Qo 0 AGPon © (3.16)

where @ -0 Efand0 , o, and®arecoefficientsthat were calculatedy Waasmaier

and Kirfel [37. Eq. 316 isvalid for the full range ofobetween 0.Gand6.0 A*. The

parameterized equation for t®mpton scatteringntensityis very similar to Eq3.16 in

form but withou the constant term,

0 ) QA @ B"Qw (3.17)

where Q and™Q are coefficientshat weredetermined by Balyuzi [38 The accuracy for

Eg. 317 is goodforw p&®v . The Compton scattering intensity for polyatomic

systems can be calculated by modifying B47,
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O QA @ P Ow (318)

whereQ is the numberraction for thet -th element

The fAselfo term in t he toeochleulatedusingmol ec ul

) ) (3.19)
00w O QQw

This expression assumes a spherical charge distribstionunding the molecule.e.
IAM or the freegas model . |t was shown by Nart el
Adi stincto portions of the coherent mol ecu
of the intensityas predicted by the IAM (Eq3.19) and a function that quantifies the

constructive inference effects between atomic species,

"0 600 G o (3.20)

wheres w represents the interference in the static structure faotbis often called the
molecular interference functidg7].

The total scattering intensity, coherent scattering intensityd the incoherent
scattering intensity for water as a functionoofs shown inFigure3.12. Thecoherent
intensities were calculatdry the MATLAB script using Eg3.18and Eq 3.19. The total

scattering is the sum of the Compton and coheseattering
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Figure3.12. Calculated Isotropic Xay Scattering foWater Derived From Ed3.18 and
Eq. 319

3.3.7 Spectrum Normalization

The measuredcattered Xray intensityis in terms of detector counts and should be
normalizedto a scale that has phigsl meaning. The onedimensional WAXS profiles
werenormalizedto electron units (e.u.) using the method deped by KroghMoe and
Norman [39 40]. Here the normalizatiodactor + is determined by the following
equation

5 60w O O ® Qo
0 - ‘ (321)
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where 'O is the measured -Xay spectrum corrected for background, multiple

scattering, polarization, and absorptiot is the middle w value in the one

dimensional diffraction pattern, an@  is the maximunwvalue

3.3.8 Correcting f&a Compton Scatter and Calculating the Coherent Profile

As shownin Eg. 3.1, the coherent moleculéorm factorfor amorphousnaterials
is calculatd by subtracting th€omptonscatter intensityrom thenormalizedspectrum
previously corrected for the eficts discussed in the previous sectionEhe analysis
routine calculates the Compton intensity using Bd7. Figure 3.13 displays both
Compton andotal scattering intensity for the water sampMote, the spectra are plotted

as function ofthe magnitude of the scattering vector, often cattemmentum transfer
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Figure3.14. The Totaland Compton Scattering Spectra for Water
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3.3.9 Calculating the Static Structure and AtonRair Distribution Functions

The MATLAB analysisroutine also calculates the static structure factor and the
microscopic pair correlation functionThe static structure factor is calculated from the
coherentmolecular form factor by subtractingth s el f 0 scattering co

dividing by whatist ypi cal l'y call ed the spherical com

o
Qw

Yo +1 (322)

O
Q.

whered@ is calculated using

o KoRoIN) (3.23)

The aralysis script utilizes Eq. B6 for calculating the atomic form factars Eq 323.
The pair correlation function is the enbscopic pair density, i , divided by the average
number density’ , and is calculated by performing a sine Fourier transform osté#tie
structure functionhowever the absciss#& convertedto momentum transfer) 1 Q

prior to performing the transform:

A°Yn p- NORIQAQ (3.24)
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wherei is the radialdistance from a therrtlg averaged atom or molecule andr) is
the Lorchwindow function [41]. The Lorchwindow function was used to remove the
truncation ripples due tacut off imposed by themaximum i obtainable in the

measurementThe Lorch window function is defined mathematically as,

0 1 A (3.25)

where——is the Nyquist limit on the real sparesolution of Eq324 [47.

3.3.10 Error Propagation

The measured scattered intensity is subjected to statistical fluctuatioresetina!
definedby the Poisson distributionThe standard deviation for the measuirgdnsityat
each angle would then be equivalent to the square root of the total nuneston
counts By usingthe standard method for error propagation of linearly independent

variables, the standadkviation for ‘O and“Yw were calculated usinthe following

equations
0 0 -
,, P2 0 0 5 &0 4 (326)
0O
» D (3.27)

where® and® are the background correction coefficients used in Eq. 3.2.
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3.4 Results and Discussion

The coherent molecular form factor (in e.u.) and static struture factor with

respective standardeviatiors are tabulated in Appendi€ as a function oo (nm™) for

all sample materials listed imable 3-1. Table 3-3 and Table 3-4 present the input

parameters useith the analysis routine.Table 3-3 provides the bulk densitgnd the

coefficients used to scale the background contributidiadle 3-4 provides the elemental

inputdata inmoles.

Table3-3. Analysis Routine Input (1)

Material  zy, «@/cm’) =+ (cnts.) 4 (cnts.) + (cnts.) 4 (cnts )
Acetone 0.7625 0.97 8000 0.00
Butanone 0.8050 0.92 6000 0.15 6000
Diesel 0.8320 0.80 12000 0.30 12000
Ethanol 0.7893 0.80 0 0.18 0
Ethanol/Water 0.9512 0.68 800 0.25 800
Honey 1.4200 0.60 2000 0.20 2000
10% HP 1.0434 0.73 7000 0.20 7000
20% HP 1.0886 0.60 7000 0.20 7000
30% HP 1.1337 0.68 7000 0.20 7000
40% HP 1.1789 0.65 6000 0.20 6000
Nitromethane 1.1371 0.66 5000 0.20 5000
Peanut Butter 1.0905 0.60 2000 0.30 2000
Water 0.9982 0.61 10000 0.32 10000
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Table3-4. Analysis Routine Input (I1): Elemental Data (in moles)

Material H C N @)
Acetone 6.000 3.000 - 1.000
Butanone 8.000 4.000 - 1.000
Diesel 14.000 7.000 - -
Ethanol 6.000 2.000 - 1.000
Ethanol/Water 3.744 0.291 - 1.291
Honey 6.568 2.831 - 3.525
10%HP 2.106 - - 1.106
20% HP 2.212 - - 1.121
30% HP 2.318 - - 1.318
40% HP 2.424 - - 1.424

Nitromethane 3.000 1.000 1.000 2.000

Peanut Butter 9.290 4.929 0.300 1.519

Water 2.000 - - 1.000
* measured at TSL

The elemental componenter the diesel, honeyand peanut butter samples were
determined by elemental combustion and oxygen pyrolysis analysis.analysis was
performed by a TSL scientistThe elemental components for the remaining sample
materials listed irmmable 3-4 were determined by the molecular formulas provided on the
respective Material Safety Data Sheets (MSDS).

The anomalous scattering intensity was not useccalculae the coherent
molecular form factors because the absorption edges were well below the energy of the
incident Xrays (115 keV). Table 3-5 displays the K shé&lemission energies for the
components listed imable3-4. It should be noted thatements heavier than oxygen are
present in the peanut butter and possibly theseliand honey samples, however the
elemental analysis indicatethatthe weight percentages of the heavier elements were

<0.2 %.
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Table3-5. X-ray K Shell Emission [43

Element K U (eV)
H -
C 277.0
N 392.4
@] 524.9

The next sectiom will compare thephysical aspect®f the sample materials
derived from thereduced on@imensional XRDpatterns to what is found iliterature

The purpose is to validate the WAXS measuremeot&£DXRD research.

3.4.1 Water
Figure 3.15 displays the twalimensional diffraction pattern for water at two
different perspectiveso show that the scattereaténsity is concentrated amall

scatteringangles

Figure3.15. The 2dimensional grayscale image of the diffraction pattérwater shown
in two perspectives: at an angle (left), from the top (right)
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The size for both imagesas reduced by 30% from its original 2048 x 2048 pixel size to
show the detail concentrated at the cenfidre concentric halos that cle the shadow of
the beanstoparea result ofscatteringirom the water, the environment (or instrument),
and thequartz capillary tube. The isotropic distribution of spatial orientation of the
molecules is responsible for the radial symmetryFigure 3.15. The corresponding
uncorrectedonedimensional diffraction pattern of water is displayedrigure3.16 with

the instrument background and t@pty quartz capillary tube. Thetensiy modifiers

listed inTable3-3 are applied to the background spedeaicted in the figure

—Water (Uncorrected)
---Quartz Capillary Tube
6l - =-Empty Instrument

Intensity (cnts.)

6 8
Scattering Angle (deg.)

Figure3.16. TheWAXS profile for water (uncorrected), the quartz capillary tube, and the
empty instrumenatambient conditions

The coherentnolecularform fador for water ispresented ifrigure3.17 as function ofa

Figure 3.17 also shows themeasurements made KNarten and Levy at Oak Ridge
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National Lalratory (ORNL)[27]. Na r t e n adiffthctianeattgrid of wateis often
cited in literature as a standard referentwe compare results across different
diffractometers[44, 45, 4¢. The rootmeansquare ermo (RMSE) between thetwo
diffraction patterns was 0.70 e.u’he FWHM of the diffraction peak is approximately

1.9 % wider than Narten and Levy.
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Figure3.17. The coherent oilecular form factor for water

The static structure function for water derived using the 1AM approach is shown
in Figure3.18. The double maximum if¥& centered at approximately 2.0 Hirdeviaes
from the spherical approximation and is a result of the shaged intermolecular
interactions of the nearest neighbors. The short ranged order of neighboring water

molecules arises from the polarization of charge in the water molecule.
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Figure3.18. 1AM derived static structure factor of water at 23°C at atmospheric pressure.

The microscopic pair correlation function for the water sample is displayed in

Figure3.19.
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Figure3.19. Pair correlation function of water derived frO¥w

49



The maxima of the two sharp peaks in the pair correlation functionoasestent with
Nartenodés and ]LEhepedksnaximers @& 841R & thé idtramolecular Q
H pair correlation. The peak maximum at 2.8% is theO-O inter-molecularcorrelation.
The twolocal maximacentered at 4.58 and 6.73A correspond to the second and third

O-0O coordinationshells.

3.4.2 Ethanol and Ethanol/Water
The raw two-dimensional diffration pattern for pure ethanol (ahdthe ethanol
water salition (b.) are shown ifrigure3.20. The image size was reduced to match the

15.8° maximum scattering angippliedin the onedimensional.

Figure 3.20. WAXS two-dimensional diffractiorpatterns for pure ethanol (a.) and the
ethanolwater solution (b.)

The ethanol samplexhibitsa very intense halo of scatterédray intensity in between
the scattering anglasf 1.0° to 2.0°. Another intense halo appears in between the range of

0.6° and 1.0°. With the addition of watag shown irFigure 3.20b, the halo that was
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nearesto the shadow of the beam stop is not detestddle theintensity of thesecond
characteristic halo of ethanol appears to be more diffutea wider band The broad
shoulder that appears in the esienensionalcoherent profileof water Eigure 3.17) is
also present in the twdimensional diffraction pattern dfie ethanol solution.

The coherent scattering form facdddor ethanol(a.) and the ethanelater(b.)
solution aredisplayed inFigure 3.21. The innetdiffraction peak, first observed in the
two-dimensional pattern, is observidthe onedimensional profileear0.6 nni*. This
particular peaks characteristic o&ll alcohols and has been observed by other groups

[47, 48, 49, 50, 51
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Figure3.21. Theonedimensionatoherenscattering profile for pure ethah(a.) and the
50% abv. ethanelvater solution

The peak positioon thewscaleof the second ethanol diffractigreak s located neat..2
nm™. The coherent profile for the ethanehter solutionhas a single peay 1.4 nm*

andhas a strong resemblance to the cohgyasftle of water Eigure3.17).
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The analyses of the pair correlation functions emasistent with the results
publishedin literature B7, 52]. Figure 3.22 displays the microscopic pair correlation
functions for the ethanalater solution (top), pure ethanol (middlehd water (bottom)
asareference to show that the pair correlation functbthe ethanol solution has direct

similarities to both the pure ethanol and water

Ethanol/Water

” -étﬁanol

Pair Correlation Function

0 | | ! l é
r(A)

Figure3.22. The nicroscopic paircorrelationfunctions of ethanelater (top), ethanol
(middle), and water (bottom)for presentation purposes the pair distribution functions
are shifted arbitrarly up in the vertical dimension to separate the curves

The pair correlation function for ethanol has two distinctive peaks at 0.9 and 1.5
A. The first peak at 0.4\ arises from intranolecular GH interactions. The second
peak, located near 1A, is the convolution of two peaks that are due to the -intra
molecular interactions of € and GO. The peak near 24 is the convolution of the
unbounded G - O (2.5A) and the unbounded OH OH (2.8A) interactiong47]. The
local maximumthat is approximately centered at 44 is attributed to nearest and

secoml-nearest interaan of ethanol chain clusters [52
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The distribution of peaksin the pair correlation function of the ethanahter
solution could be approximateals being derived frona linear combination of the
individual molecular componentshe GH intramolecular peak at 0.8 would include
interactions forboth water and ethanolThe GC and CO interaction peaks of ethanol
are also present in the ethamadter pair correlation function at 26 The 2.8A peak is
the intermoleculainteractionbetween ethanatthanol, ethanelater, and watewater.
The broad peak centeredat 4.5A is due to first and second neighboorrelation of
ethanol chain clusters anlde secondheighborinteractionsof the térahedral structure of

water [53.

3.4.3 Hydrocarbons

Imagesfor the twadimensional diffraction patterns of the hydrocarbon sample set

are shown irFigure3.23: acetone (a.), butanone (b.), diesel (c.), and nitromethane.
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Figure 3.23. The uncorrected twdimensional diffraction patterns of acetone (a.),
butanone (MEK) (b.), diesel (heptane) (c.), and nitrormmegt{d.)

All four hydrocarbonsample have acharacteristichalo of high scattered intensity
approximately centered at 1.4° withckasample displaying @ariable halo band width.
Each sample also exhilsitifferencesn the dimensionsof the concentrichalos atiarger

scattering angles. Figure 3.24 displays the coherent profile of the four samples.
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Figure 3.24. The coherent scattering profiles for acetone (a.), boafMEK) (b.),
diesel(c.), and nitromethane (d.)

The momentum transfer value of the maximum intensltgnges with respect to the
molecular size of the substanctable3-6 provides the pealocation of themost intense
peak in thecoherent profile and relates these measurements to the number of carbon

atoms ineachsubstance.

Table3-6. Number of Carbo Atoms and Peak Locatiaf the Hydrocarbon Sample Set
Number of Carbons Substance Peak Location (nni*)

1 Nitromethane (d.) 1.25
3 Acetone (a.) 1.14
4 Butanone (b.) 1.09
7 Diesel (c.) 1.03

This limited set oforganic substancedoesconfirm that the locatiorof the diffraction
peak decreases (awith increasingmolecularsize,an effect thats commonly seen in the

diffraction patternsof organic liquidg53].
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Figure 3.25. The microscopic pair correlation functions for acetone, butanone, diesel,
and nitromethanefor presentation purposes the pair distribution functions for MEK,
diesel, and nitromethane are shiftrbitrarly up in the vertical dimension to separate the
curves

The pair correlation functions are displayedrigure 3.25. The intra-molecular
peaks in the nitromkane correlation function reside at 1.49, 2.32, 1.22, andA for
the GN, C-O, NO, and GO bounde interactions, respectively [b4 The peak
resolution for thenitromethane pair correlation functi@ioesnot reveal all four paks
individually asneighboringpeaks are convolved. Thesolution of thepair correlation
function is determined by the maximum momentum transfer vabpdiedin the sine
Fourier transform of the static structure functiomhe maximum momentum transfer
values used for &ry sample material was 12.7 Hnwhich, according toFigure 3.25, is
not suitable to resolve all of the intranolecular correlatio® in nitromethane
demonstrating tatfurther modeling of the molecular structuseequired.

This lack of peak resolution could also be an artifact due to oveirléye electron
cloud distributions,in which case neutran diffraction may be a more suitable
experimental approach for reswlg the individual four peaks. However the pair

correlation function for nitromahane agrees very well with Xay scattering
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measurementsnade by amother research group [34 The pair correlation function

obtained by this group is depictedRigure3.26.
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Figure3.26. The pair correlation function for nitromethane obtained by Megyes.

The circles a& experimental values and the lines are values obtained froolezular
dynamics simulatioifi29].

The distance between the principle peak locations of acetone and MEK
(butanone) shown inFigure 3.24, is approximately 0.05 nth This close proximity in
peak location reflects the similarity in chemical compositbthe two ketones. Acetone
is simplest of all ketones with the chemical formula 60O while MEK has the same
basic ketone formula butplaces one methybr an ethylene group. The chemical
formula for MEK is CHC(O)CH,CHs. Thisagain demonstratakat the principle peak
locationfor organic substances, i; part,determined by the size oféhmolecule53].

The peak locations in the pair distribution functions correlate to thenmitecularC-C

interactionfor both MEK and acetonavhichare centered at 1.55 and 247 The intra
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molecular C-O interactionappearsat 1.22A. The GO and 155 A C-C peaks are
completely overlappedThe peakwidths of the MEK CC interaction are smaller likely
due to the added ethylene group.

The diffraction pattern fothe diesel sample clearly exhibits three diffraction
peaks centered dt.01, 2.33 andt.31 nni. The pair correlation function shevwhe
characteristic intranolecular GC peaks at 1.55 and 2.5% [53]. There is also m

unidentified correlation peak located at approximately 200

3.4.4 Hydrogen Peroxide Solutions

Thetwo-dimensional diffraction patterns for the hydrogen peroxide (HP) solutions
are shown irFigure 3.27. These figures indicate thasthe mass percentage of HP in
solution is increasasthe width of thebright halo, approximatelys centered at 1.98 nm

! decrease Theradial centers of the halo appear to remain fixed in @ade98 nrit.
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Figure 3.27. The uncorrected twalimensional diffraction patterns for the hydrogen
peroxide (HP) solutions: 10% HP (a.), 20% HP (b.), 30% HP (c.), and 40% HP (d.)

This observatiorobviously indicates that the shape of the primary diffraction peak of
water changes witincreasing HP concentratiomhile the pealocation chages very
little. This effectis clearly displayed irFigure 3.28 where the coherergpectraof the
water andhe four solutions of HP are plotted together as a funciea Here the range

of wis limited to amaximum of 6 nrit so that the principleliffraction peak is clearly
displayed. In addition, as the concentration of HP increases the characteristidehin

the water spectrum, measured at ambient conditions, diminishes.

59



(o]
o

T T T T
40% HP
30% HP

o
(=]
T

~
o
T

Intensity (e.u.)
oy (6] ()]
o (o] (o]
I T T

w
(=]
I

N
[=]
T

10

I | \ I |
00 1 2 3 4 5 6

x(nm'1)

Figure3.28. The coherent profiles of the hydrogen peroxide solutions and water.
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Figure3.29. The microscopic pair correlatidanction for hydrogen peroxide solutions
and water For clarity, successive curves are displaced by +1 unit along the vertical scale.

The pair correlation functions for the each of tbar HP solutions and for water are
displayed inFigure3.29. For clarity, successive curves are displaced by +lalonity the
vertical scale The intramolecular orrelation peakdr the GH interaction centeredat
0.9A, (as seen for water iRigure3.19), is alsopresentfor the HP solutions.The peak
intensity and widthdoes not appear to diminish as a function of increasing HP
concetration. This is expected because hydrogen peroxide has tvi tbdbnds. The
intermolecularO-O correlationpeak at 2.84A for water does appedo diminish as a
function of HP concentration.The intramolecular GO interaction ofwater, located at

1.40A, does appean the pair distribution functions of H&dlutions
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3.4.5 Peanut Butter

Peanut butter is acomplex 2 phase system (comprising of crystalline and
amorphous componentgpmposed of many differertypes of organic anahorganic
substancesOils and proteins make up approximatéBf6 ofthe total composition [95
The oil componentypically consistsof hydrogenated vegetabtal (O to 6% byweight)
and peanut oil. Peanut butter may alsmontain many types of fatty acids, like oleic,
linoleic, and palmitic acids [55, 36 The mineral composition includes sodium,
phosphorous, calcium, iron, and many oth@nute amounts of other elements [55
Sugars such as sucramed fructose are typidgladded during the manufacturing process
to sweeten the flavor.

The twadimensional diffraction pattern of creamy @fpeanut butter is displayed

in Figure3.30.

Figure3.30. Two-dimensional diffraction pattern of J&fcreamy peanut butter
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The diffracted intensity of the halos is notably more attenutitadthe other sample
materials de to thehigher density. The brightspots in 2dimensional diffraction pattern
(Figure 3.30) are the Bragg reflections from the crystalline materials presetiien

substanceThe reducednedimensional diffraction patteris shownin Figure3.31.
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Figure3.31. Reduced ondimensional diffraction pattern of creamy peanut butter

The amorphousomponenis responsibldor the largest peak in the spectrum, while the
narrover and less intense peaks &magg reflections from NaCl and sucrose crystals.
Figure3.32 overlays the diffraction patterns for sucrose (solid blue lines) and NaCl (solid
red lines)over the peanut butter sampl&larkers are also used in the figure to sid
determining the location dhe sucrose andaCl peaks. NaCl peaks are distinguished by
the red crosses while sucrose peaks are indicated by open blue cClicéedlaCl peaks

arestronger thamhe sucrosepeaks in the reduced pattern of the peantiebu
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Figure3.32. Onedimensional diffraction pattern of peanut butter: peanut butter (solid black line), sucrose (solid blue lines and blue
dots), and NacCl (solid red lines and red crosses)
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Figure3.34. The pair correlation function of peanut butter

The static structure factor and microscopic pair correlation function for peanut butter are
shown inFigure3.33 andFigure3.34, respectively. There are seven distinct peaks in the
pair correlation functionapproximatelycentered at 0,91.4, 2.5, 2.9 39, and 4.9.
Interactiondistancedeterminatiorfor the intra and intermolecular spatial correlations is

not possible without performing further compositional and structural studies of the
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substance. Using the correlation distances determined fronmottlex previouly
discussedsample materia] and assuming that the amorphous component of the peanut
butter is the primary component rendering the pair correlation function, as the Bragg
reflections appear to be averaged out as a result @ppleedtransformation algorithm,

the peaks centered @19, 1.4, and 2.8 are possibly intranolecularcorrelations of the

O-H, O-0, GC and CO interactions.There also appears to bengnor peak centered at

2.9 A, indicating a GO intermolecular inteaction. However, as already stated
previously, furtheanalysisoutside the scope of this study is required as the peanut butter

is made up of many different types of organic and inorganic substances.

3.4.6 Honey

The chemistry of honey can be described as a supersaturated sugar mixed with
various amounts odlifferentsugar types and varying amounts of oteebstancedike
amino acids. The chemical compositiearies dependin@n thespecies offlower as
well as thegeographicalocationof the beénive from which the honey is takemable3-7
provides the average chemical composition of honey produced in the United Sta

derived from 490 samples [b7
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Table3-7. Chemial Composition of U.S. Honey [$7

Component Average (%) Range

Water 17.2 12.222.9
Fructose 38.4 30.944.3
Glucose 30.4 22.940.7
Sucrose 1.3 0.227.6

Other disaccharide 7.3 2.7-16.0
Higher sugars 1.4 0.1-3.8

Gluconic acid 0.57 0.17-1.17
Other acids 0.43 0.130.92
Lactones 0.14 0.0-0.37
Minerals 0.17 0.021.03
Nitrogen 0.04 0.0-0.13

Like the previouspeanut butter sampleadditional characterization by other
experimental techniqueand theoretical modeling argoth required for determining
which intra and intermolecular atomic pairs areesponsiblefor the peaks in the
microscopic pair correlation functionThis isalsobeyond the scope of this studyhe
two-dimensionaldiffraction pattern, the reduced edemensional diffraction patterrihe
static structure factorand the microscopic pair correlation function for honey are

presented ifrigure3.35, Figure3.36, Figure3.37, andFigure3.38, respectively.

67



Figure3.35. The twadimensional diffraction pattern for honey
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Figure3.36. The reduced orgimensional diffraction pattern for honey
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Figure3.37. The static structure factor for honey
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Figure3.38. The pair correlation function for honey

The principle peak location of thdiffraction spectrum of honey has the smallestalue
of the WAXS sample material setentered at 0.96 i The diffraction spectrum also
has the widest FWHM measuremetfitthe whole setat 1.7 nm'. The pair correlation

function, shown inFigure 3.38, has correlatiopeals 0.9 1.4, 2.4, 2.9, 3.7, 4.3, and 4.9
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A. Similarto theanalysis of the pair correlation functiofithe peanut butter sampliae
peaks centered at 0.9, 1.4, and R &re possibly intranolecular correlations of the-8,
O-O, GC and GO interactions. The peak at 2. could indicate a O- -O intra
molecular interaction. Further characterization and structural modeling of honey is
neeckd to verify the pair correlations specified as wadifor the peaks foundtaadial

distances greater than 29

3.5 Conclusion

The WAXS measurements dhe coherentspectraand microscopic pair correlation
functiors for a limited sample material set of amorphous substamees obtainedvith
thepurpose to provide baselidatafor the multtangleEDXRD analysis.A comparative
analysis of theobtainedcoherent molecular form factor for deionized water aP@4o
the NartenLevy standard yielded a 0.7 e RMSE between themomentum transfer
values of 0.6 to 14.0 nm A 1.9% bradening of thé&"HWM of the principlediffraction
peak that was observed was attributed to instrumental differencésomic pair
correlationsof the intra and intermolecular distances agree very well with the Narten
Levy referencestandard. Atomic pair correlation distances for the hydadmon and
ethanol sample material set agreed well with observations obtained from results
publishedby other groups.The coherent form factors and pair correlation functions for
the liquid hydrogen peroxide, creamy peanut butter, laoney were presenteout a
comparison to known values in literature wad provided as data was not found in
literature Molecular dynamic @mputerbasedsimulations of the water and hydrogen

peroxide system do exiand athorough analysis of the pair correlation functiafighe
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solutionsas function ofmass percentage of hydrogen peroxidi be discussed in the

next chapte[58, 59, 6061]
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CHAPTER 4

EMPIRICAL POTENTIAL STRUCTURE
REFINEMENT

4.1 Introduction

Hydrogen peroxide is very simpfgeroxidewhich is constructed of twdydroxide
ions (OH) held together bya single covalent bond between ttwveo centraloxygen
atons. This simple peroxide has many important applications in the biologi2al63,

64, 65|, chemical[66, 67, 63, and environmentdields [69, 70, 71 72] and due tdts
high level of reactivity, it is also a primary componesedin rocket propellantand
explosiveq73, 74).

Due to its high level ofrecentinterest, pure hydrogen peroxide and hydrogen
peroxidewater complexedias been the subjeof many experimental and theoretical
studies inliterature indeterminingthe moleculasstructure internal rotational properties,
and chemical propertiesA summary othe studies can be found@hunYang Yud s
ZhongZ h i Y aapeg Which spudies the molecular dynamics of the cyclic hydrogen
bonding networks of hydroggoeroxidewater complexes vigthe (ABEEM/MM) [60].

The review of the expémental studies indicated thaery few studies examining the
hydrogen peroxidevater canplexes byexperimental XRD exist in literature This
dissertation providethe first analysis of liquid structurebtaired by experimental high

energy WAXS[75, 76, 77].
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This chapterdiscusseshe atomic pair correlation functions of hydesgperoxide
sdutions derived fromMWAXS datausing aReversedMonte Carlo(RMC) computational
method known as Empirical Potential Structure Refinement (EPSB)ordination
numbers calculated from thmair coorelationfunctions provide xperimentdly derived
evidenceof the number of hydrogen bonds predicted fgquantum chemistrgd initio
computational model called quantum mechanical charge field molecular dynamics
(QMCF MD) developediy S. Moinet. al.[59].

The following discussion does not provide direct suppo validating EDXRD
spectra but iloes however provide an opportunity to comparesults determined from
a completely simulatedsystemto the results obtained from aaxperimentallydriven
RMC method The discussin will be broken down into three nua sections: a
discussioron the results obtained from the QM®ID simulation atechnicaldiscussion
on EFSR, and a final section discussing the resatissolutesolvent hydrogen bonding

derived from the WAXS measurements.

4.2 Quantum Mechanical ChargeField Molecular Dynamics

QMCF MD is a hybrid of the advanced quantum mechanical and molecular
dynamics methodologiestilized in the field of quantum chemistry for investigating
dynamics and structure of aqueous solutionBe hybridization enablgsseuderealistic
guantum mechanicadlescription of a solute particle in stibn by using molecular
mechanics to describe interactions in the second and third solvent SRMEF MD
formalism splits the simulatiomto a core quantum mechanical (QM) m@giand the

layer molecular mechanics (MM) regionThe QM region is centered on the solvent
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molecule with radius of 5 6 A. Within the QMregionquantummechanics are used to
simulate the solutsolvent interactions.The MM region is defined outside tfie core
region where only the solvent molecules exist. Here the sebadvént interactions are
simulated by Colombic, nonCoulombic, and forcdield potentials. Solventsolute
interactions that extend outside of the QM region are simulated usingmfiolu
interactions.

In the paper published by Moigrt. al, the QMCF MD simulation was applied &
single hydrogen peroxide molecule in an aqueengronment[59]. Analysis of the
radial distribution functionsfrom the center of each atom in the hydrogesroxide
molecule predicts that both moleculeswill exhibit hydrogen bonddonor and acceptor
properties. However, as shown irFigure 4.1, hydrogen atms (A/B) in hydrogen
peroxide arelikely to be a strong proton donorFigure 4.1 displays the probability
distribution asafunction ofhydrogen bonding water ligambordination numbet which
are forminghydrogen bonds witkachoxygen atom (A/B)a) and hydrogen atom (A/B)

(b) of hydrogen peroxide.
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Figure4.1. Coordination number distributions of water ligands forming hydrogen bonds
with (a) each oxygen atom and (b) with each hydrogen atom of hydrogen perdkiele.
figure was obtaieddirectly from [59].

The results also indicated that thgdration shell consists of approximately 6 water
moleculessurrounding a single central hydrogen peroxide moleclilee calculated
probability distribution for the water ligand coordination humber surrounding one central

hydrogen peroxide molecule is displayedrigure4.2.
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Figure 4.2. The probability distribution of the coordination number of water ligands
surrounding a single central hydrogen peroxide molecdlbis figure was extracted
directly from the referencé§).

The paper alsshowedthat the calculatedangular distribution functisbetween the
hydrogen peroxide atoms and waligandsare highly peaked in between the angles of
165° and 180° for botthe O-- Hyater Owater () and OH --Oyater (b) angles, as shown in

Figure4.3.
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Figure4.3. The normalized angular distribution functions for angles between hydrogen
peroxide and water molecule$he figure was taken directly frorg9).

The resultsobtained from the QMCF MD simulatiocan be verified from the
atomic pair correlatiofunctions calculated from the bulk static structure factors obtained
from the WAXS measurements of the hydrogen peroxide solutidosevera structural
refinement methodptimized for the longanged randomness of amorphous substance

is required for determingthe atomic partiaktructure factors prior to calculating the
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radial distribution functions EPSRis a i softtlee-tir® method that determingsair
correlation functions from diffraction data by minimizing the error in simulafed
inverted) and calalated partial structure factorsEPSRis analogous to th&ietveld
refinement techniqueften used ircrystallographic data.

4.3 EPSR

EPSR isa Monte Carlebased simulation techniquethat uses experimentally
measuredliffraction data for developing structural models of amorphous substpig;es
79, 80, 8]. The simulation refines thpair interaction potentialfom someassumd
start pointby minimizing the error between the simulated and experimerdalbulated
structure factorsTher e are three primary benef:its
(1) the pair correlatiorfunctions are derived from the model andt from the direct
Fourier transformof the measured structure factors, {8¢ methodprovides psitive
insight on whether the diffraction data can modeteal distribution of atoms and
molecules, and (3)-8imensional spatial and orientation correlation functions can be
measured from the simulated model.

The three maircomponentgo the simulationarethe experimental data, a Monte
Carlo simulation, and physical constrainsghich include the number density and
molecular structure of the Bstance. The primary output is aliBnensional structural
model which canthen be further analyzed to obtaimformation such as the pair
distribution functios, the angular distribution functisn and coordination numbers.
EPSR attempts to provide an ergodic simulation where theav®eged structure of the

liquid is an ensemble of finite structural realizaso The simulation is not sensitive to
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initial configurations and avoids frozen configurations by efficiently sampling large
volumes of the phase space

Prior to initiating EPSRinput parametersirerequired for creating the malelar
ensemble Theinput parameters include the intermolecular stmedf the components
in the liquid, thenumber densitiegshe number of molecules, and the dimension of the
simulation box. The s i mu | aetup rodgtisewill generatea set of initial atomic
coordinatesvithin a simulation boxusing the input parametersigure4.4 displaysan
exampleof asimulation box constructed to perform #@% hydrogen peroxidgructure

refinement

Figure4.4. EPSR Simulation Box
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The secondset of inputs required prior to running EPSR simulationstlaee
definitions forthe interaction potential energy functionbich model the forces between
the atoms and molecules The intamolecular energy is modeled using a harmonic

potential, which can be expressed as

Y o) _ (4.1)
g0

wherei is the actual separation between atomand! in molecule’Q Q is the
average distancketweenatoms, and) is the width. The factod is the vibrational

temperature which is calculated from the difference between the simulated and measured
structure factor at large values of momentum transtdre algoithm assumes that zero

point disordelis not significantly driven by temperatyreo 6 does not change when the
temperature changeslThe width, or broadeng function is defined with respect to the

effective masof the atomic pag‘

R (4.2)

where the effective mass is defined as

‘ N — (4.3)
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The atomic masé and0 are in atomic mass units. Refinement of the Delvgdler
factors for each intramoleculdistance is avoided due tmmputationakomplexity so
the inertia defined in thebroadening function is used as an alternativahe
intermolecular(reference)potentialenergyfor atomic pairss definal as the linear sum
of the commonly used Lennadibnes 12 potential and th@otential enagy from the

effective Coulomb charges,

(4.5)

where the indexe¥and Qepresent the different atomic pairs an@éndf represent the
atomic typesy) is the charg®f the atom typd is the vacuum permittivity, is the
radial distance between atomic pais, is the range parameter, gndis the well depth.

The LorentzBerthelot mixing rules are used for calculating andj

(4.6)

i 77 8 4.7)

After defining theinput parameters the Monte Carlo simulatioalculatesthe
initial equilibratedintermolecularstructural model. The overall translationaimotion of a
molecule orthe rotation of various groupsattached to the molecule @riven by the
standard Monte Carlscheme Subsequent positiorare conditionallydetermined by the
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current position of the object plus the product of the predefined step size and a random
number in the range 6f to 1 for ead dimension of motion The acceptanceriterion

for eachmove isdependent on the changéthe tdal potential energy of the simulation

box. If the total energpf the system hadecreased the move is acceptdidthe energy

of the box increases thensaconddeviationis drawn between the range of 0 and 1 and

compared to the usuBbltzmannthermalfactor 'Q . If the deviationis less than the

Boltzmann factor the move is acceptetherwiseit is rejected.

When calculatinghe long rangentermoleculatnteractionsthe derivative of the
reference potentias truncated bya smoothly decayinfunction. This is doneo reduce
the overallcomputation time The truncation functiohas two separate forms for the
non-Coulomb and Coulomb poains of the reference potentiddd. 4.5. For the non

Coulomb portion, théruncationfunction can be expressed as

ph [
v U .
“Yi @ p Al “O‘l ‘| hi [ (4.8)
i Th [
where i is the radial value where the truncation function drops below 1 and
is the point where thaufction is zero.The simulationsetsi to 9.0A and i to

12.0A, however these valseould be modified if required. For the Coulomb part the

truncation function can be written as
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o~ o - P — : gi i (4.9

where g i i is the Heaviside function.

Once theenergy of the model reachasstableminimum the empirical potential
refinement algorithncan begin The algorithm will first extract the partial structure
factors fromthemodeland then calculate the difference between the m@del r} ) and
measurement("Y 1 ). This difference when small,is the momentum space
representation of the empirical poteniialterms of the paiwise potentials of the mean

force whichcan be expressed as,

Y R Y n Y R (4.10)

EPSR does not directly perform the inverse Fourier transforiqtat.10 Instead the

algorithm will equate the difference to a series expansiorthefFourier transformed
Poisson functionsral then backcalculatethe series expansion coefficients determine

therealspace reprertation ofthe empiricalpotentialenergy.Eq. 4.10can be rewritten

as

Yoon 60 nh, (4.11)
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where 6 are theseries expansion coefficients abd ff, is the Fourier transform of
the Poisson funi@in. The Poissorfunction andits 3-dimensional Fourier &msform are

expressed, respectively, as

L p |
cAion 2 o5
oAb, n (4.13)
e ¢p N,

where , is a predefing width, ¢ tiphci8 , andll OET1r, The empirical
potential is added to the reference potential and the Monte Carlo simulation of the
molecular motiorproceeds once aigauntil the energy of the configuration is minimized
and a new empirical potential is calculatéthe reference potentiafor each iterationQ

can be expressed terms of the running sum of the empirical potential,

Y Y Y (4.14)

The routine repeammany times until one of the twiollowing conditionsis met:
1. the expansion coefficients are very smalsuch thathe empirical potential does
notchange in subsequent iterations

2. A predefina limit of the reference potentiad reached.
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At this point the program ceases to update the reference potentilieander has the
optionto collect ensemble average$he EPSR simulation algorithm is summarized in

the flow diagram displayed ifigure4.5.
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4.4 EPSRSetupand Parameters

Siteto-site pair correlation functions were calculated fwater and thefour
hydrogen peroxide solutions using EPSRtatic structure factors calculated from the
WAXS measurements of the five sample materials reported in the previous chapter were
used as the reference point in the refinement procé@se input parameters for the

simulation box and the vibrational coefficient for molecular bonds are listEahie4-1.

Table4-1. EPSR Simulatin Parameters

Number of Molecules 1000
Box Dimension (Cube) 310.62A
Temperature 300 K

Vibrational Coefficien{C/2) 65 K

The intramolecular stregre for both molecules is providen Table 4-2. The oxygen
and hydrogen components for water &beledOW andHW, respectively, while the

H,0O, components are labeled OH and HH.

Table4-2. Intramolecular Bod Parameterf$9]

Bond Parameters Value
OW-HW bonddistance 0.9572A
HW-OW-HW bond angle 104.52
OH-OH bonddistance 1.466A
HH-OH bond distance 0.9700A
HH-OH-OH bond angle 100

HH-OH-OH-HH dihedral angle 105.4

The mass fraction of #, in solution and the deity for each sample material are

provided inTable4-3.
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Table4-3. Mass Fraction of JD, and Sample Mass Dsity

Substance Mass Fraction Mass Density(g/ml)

Water 1.00 1.002
HP10 0.2004 1.0342
HP20 0.2982 1.0718
HP30 0.2982 1.1088
HP40 0.3984 1.147

The static structure factors were recalculated using modified atomic form factors
(MAFF). MAFF were used taccount for chrge transfer between the intralecular

oxygen and hydrogen atoms for both moleculBlse MAFF can be defined as

QR p | 32\@%— QN (4.15)

where U i s t heof ehérded ¢ transierred dum doutmet influence of

neighboring atoms normalized by the IAM atomic form factorjat T, | _—,

and] is the electron delocalization (width) paramet®8®,[83. The static structure
factorsfor the hydrogen peroxide solutiomsd waterrecalculated using Eq. 4.1d&re

displayed inFigure4.6.
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Figure 4.6. Static structure factors fathe hydrogen peroxideolution and water
calculated using MAFF

The input parameters for the Lennd@hes intermolecular potentedthe MAFF are

given inTable4-3 for hydrogen (H) ad oxygen (O).

Table 4-4. Input Parameters for the Lennalones
Potential and Modified Atomic Scatting Form Factors

Element £(kJ/mol) QA) |fm » #B
H 0 0 -0.48 048 2.2
O 0.6364 3.1506 0.12 0.12 2.2

45 Resultsand Discussion

For each sanip material, between 4000 and0@bensemble averages were collected
upon reaching a stable structural equilibrium. The entire prosessclocked at
approximately 13 hours for each materidfter collecting the ensemble aages the
static structure factors, pair correlation functions, and angular distribution funeigras
calculated for each pair interactiofCoordinate numbers for the first coordination shell
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were calculated from the pair correlation functions for eashi@ pair. The orientation
correlation function for watewas calculated using the hsgrical harmonic expansion
method [84]. The orientationcorrelation functionsfor hydrogen peroxide were not
calculated because the spherical harmonic approach requites planesymmetry on
the molecule; drogen peroxide does nexhibit mirror plane symmetry.

To validate the procedure, structurptoperties and residuals between the
structural model and measuremeotsvaterwere calculated and analyzetdhe sie-site
static structure factors calculated from the structural model arenshofigure4.7 as a
function of @ The curves fitted from themodel are shown as solid lines whileet

residuas are represented by open circles.

S0

Son™)

SOO(X)

X (nm™h

Figure4.7. Sitesite static structure factors for the water: the static structure factors are
represented by a solid line i the residual error between the measurenagt the
modelis represented by open circles

The simulated structural modekhibits reasonable gteement with the measurements.

The residual errofor each of the three atomic pairs-tH O-H, and QO) appeas to

90



decrease witlincreasingia The error atovalues less than 4 nhis rathersmall (~10?)

for the HH and OH pairs but is an order of magnitude largerr fthe OO pair
interaction. The error is likely systematic in origin and obviously not accounted for in the
data correctionprocess. When t is approximately 4nm?, the overall gradient of the
residualerrorfor all three pair@pproachegerowhile theerroroscillates with amplitude

of approximately 18. The final crystallographic residual factor, orf&ctor, for the

simulated model was 0.09.he Rfactor is defined mathematically as

BeY ¢ &Y &

BV S (4.16)

where Y is themeasured structure factor afidd is the structure factor calculated
from the model. The Rfactor metric is used in crystallograpligr determiningthe
quality of the model.The RFactor as a function of iteration number is plotteéigure

4.8. This figure siows that the simulation of water converged within 200 iterations of the

empirical potential refinemetaop.
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Figure4.8. R-Factor as a funin of iteration number for the water simulation

Atomic pair correlation functions werealculated directly from the model and
werenot derived from the sine Fourier transform of the structure faddsrmentioned
earlier, this eliminatethe noise fran transform artifactslue totruncating the argument
of the transform.Figure4.9 displays the pair correlation function for three atomic pairs
of water calculatedrébm the structured modelThis plot differs in magnitude to the
previousplots of pair correlation function as the functions are normalized against the

number density of the pair.

92



9

Ioo(M)

|

5
r(A)

6 7 8 9 10

Figure 4.9. Atomic pair correlation functiongor water calculated from the EPSR
simulation

The hydrogerhydrogen pair correlation function hasa peaksarising at interaction
distances of 2.4A and 3.8 A. The oxygerhydrogen pai correlation reveals three
interactions distances at 138 and3.3A . The 1.8A interaction distancwas determined
to be relatedo the hydrogen bonding between neighboring water molequlte first
coordination shel[23, 84] The covalent and hydgen bonding of hydrogen atoms to a
central oxygen atom yields the tetrahedral structure of liquid walee 1.8A peak also
agreesn centralposition with themicroscopic pair correlation function of water shown
in the previous chapter Rigure3.19. The oxygeroxygen pair correlation function has
threepeaks centered at radial distances of®.8.5A, and6.8 A. The oxygenroxygen
pair correlabn function also indicates that the oxygmxygen pair interaction is
responsible for the distinguishing peaks initiieroscopic pair distribution function.
Coordimation numbers and probabilities were calculated for the first coordination

shell for eachpair interaction The coordination numberand standard deviatioin
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parenthesgdor each interactiomre providd in Table4-5 with the radial limits useth

thecalculation

Table 4-5. Coordination Numbers for thé&tomic Pair
Interactionsof Water and Ambient Conditions

Interaction rmin(A) rmax(A) Coordination Number
0i O 1.00 340 5(1)
Oi H 1.00 240 1.7(0.7)
Hi H 100 3.00 5(1)

The structuralefinement predicts oxygemxygen (GO) coordination of 5 which
is higher than theexpectedtetrahedral number of 4 bustill consistent with expected
structure and witim the range ofresults found in the literaturf23, 84, 85] The
probability distributiorfor O-O coordination numbersf the first shelis shown inFigure

4.10. The distribution hints that the coamdtion number is between 4.5 ahdfor

ambient water.
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Figure4.10. The probability distribution for the oxygexygencoordination number in
the first coordination shell

The intramolecular €1 pair correlatiorwas coordination numbér.7 which is consisté
with the tetrahedral structure of liquid watefhe OH interactionfluctuatesbetween
proton donor and acceptomteractiors, forming and breaking bondsni the
subfemtosecond time scale, theigure 4.11 showsthe time-averaged measurement of
the oxygerhydrogen coordination umber probability distribution. The distribution

shows thathethermally averaged structure of ambient water is tetrahedral.
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Figure4.11. The oxygerhydrogen pair coordination number probability distribution

Finally, the 3dimensional spatial orientation function for liquid watafculated from the
structured modeis show in Figure 4.12. The tetrahedral structure iseelty evident
from the spatial locations of the isosurfacalculated from theorrelation function The
renderingof the water moleculeshownin the figure provides the orientation of the
central moleculgbut the geometrical sizeof the molecule withrespect to the radial

distance®f the isosurfacearenot to scalg¢84, 85]
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Figure4.12. Isosurfaces of thepatialdensityfunction of water at ambient conditians
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Figure4.13. The static structure factors for the four hydrogen peroxide solysohd

line) and the error between the measurement and model (open circles) both plotted as a
function of momentum transfen). The static structure factors were calculated utieg
modified atomic form factors

The static structure factors for the hydrogen peroxide solutions (solid lines)
calculated by the ESPR simulation model are showhignre4.13. The factors were
calculated using MAFFHQ. 4.15. The MAFF parameters are shown in
Table4-4. The vertical axis of each of the four structure factors is shifted by one unit for
visual clarity only. The residual error (open circles) between the measurement and model
is also display in Figure4.13 for each measurement. The errotthud structure factor
diminishes as a function of increasing t mass concentration of hydrogesmdgerbhis is
most apparent whef< 6 A and in between values of 8 and 18,

The atomigpair correlatiorfunctions for the hydrogen peroxide solutipderived
from the EPSR, are shown kigure4.14 throughFigure4.23. Thepair correlations for
solvent (waterpre displayed ifrigure4.14, Figure4.15, andFigure4.16 for the oxygen

oxygen (OWOW), oxygenhydrogen (OWHW), and hydrogeinydrogen (HWHW)
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atomic pairs respectively The pais correlation functions for the solut@dyfrogen
peroxidg are displayed irFigure4.17, Figure 4.18, andFigure 4.19 for the hydrogen
hydrogen (HHHH), hydrogeroxygen (HH-OH), and oxygefoxygen (OHOH) atomic
pairs respectively. Finally, the pair correlations between atoms of water and atoms of
hydrogen peroxide are shown kingure 4.20, Figure4.21, Figure4.22, andFigure 4.23

for the HHOW, HH-HW, OH-OW, and OHHW atomic pairs respectively.
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Figure4.14. The atomic pair correlation functiefor theoxygeroxygen pair of water
(OW-0OW) as a function of radial distance andssa@oncentration of hydrogen peroxide.

The peak locatiorf2.8 A) of the first coordination shell of the OWW pair correlation

function (Figure4.14) was not affected bthe increasingnassconcentratiorof hydrogen
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peroxide ands consistent with the peak location for oxygmxaygen {Q 1 ) correlation

function of pure water Higure 4.9)).

However there is a notable augmentation of

oxygenoxygen interactions between the first and second coordination(ghbktween

radial values of 3 andl A).
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Figure4.15. The atomic pair correlation functions for the oxydprogen pair of water
(OW-HW) as a function of radial distance and mass concentration of hydrogen peroxide.

Consistent witithe OW-OW interaction, theshapeof the OW-HW pair correlation does

not greatly deviate from that of pure wakewever thevalues of thegair probabilities do

changesslightly asafunction of changing solute concentration
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Figure4.16. Theatomic pair correlation functions for the hydrogeydrogen pair of

water (HWHW) as a function of radial distance and mass concentration of hydrogen
peroxide.

The HWHW pair correlation functions exhibit the same behavior as the previous atomic
pair corelations. For this particular interactiothereappears to ba change irstructure
between the firsand second coordination shelith increasing solution concentratias

seen by the change in the miniat2.5 and 3.5 A
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Figure4.17. The atomic pair correlation functions for the hydroggdrogen pair of
water HH-HH) as a function of radial distance and mass concentration of hydrogen
peroxide.

The EPSR calculation of the HHH pair correlation functiondisplayedn Figure4.17,

is subject to a higher degree of nqgipessibly due to the relative sparseness of the solute
in solution. At the low hydroga peroxide concentratignthe pair correlation function
deviates away from unity indicating a possible minimum solute concentration limitation
with the structuratefinement methodologyThe peak location for the first coordination
shell is @nteredapproximately at 2.&. The peak location for the secon@ardination

shell was5.8A.
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Figure 4.18. The atomic pair correlation functions for the hydroegaggen pair of

hydrogen peroxide (HKDH) as a function of radial distance and mass concentrat
hydrogen peroxide.

Similar to Figure 4.17, the HHOH pair correlation functionn Figure 4.18 diverges
somewha#t the low mass concentrations (HP10 and HP20). The first coordination shell
of the HHOH interactiondistance isapproximately 1.98. In addition, a series of pair
interactionsappear to occur in between radialues of 3.5 and 5.& diffusing the peak
shape of pair correlation functian this radial region A final broad peaks centraly

located at approximateB.1A.
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Figure 4.19. The atomic pair correlation functiorfer the oxygeroxygen pair of

hydrogen peroxide (O¥DH) as a function of radial distance and mass concentration of
hydrogen peroxide.

The OHOH pair correlation irFigure4.19 is subjected to a higher degree of variation.
The pair correlation function has two peaks: the first peak is located & ar®l the

second pealfor HP40)is located at 5.8..
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Figure 4.20. The atomic pair coelation functions for the hydrogesxygen pair of
hydrogen peroxide and water (HBW) as a function of radial distance and mass
concentration of hydrogen peroxide.

The intramolecular atomic pair welation functions betweenvater and hydrogen
peroxidedo notexhibitthe normalization faults dhelow soluteconcentratiorasseen in

the intramolecular hydrogen peroxide pair correlation functidnsaddition the noise in

the pointto-point variation is reduced due to the higher number of observations (i.e. the
higher concentration of water)Figure4.20 displays atomic @ir correlation for the HH

OW interactionfor hydrogen peroxideand water. There is a solute concentration
dependence of the pair correlation functighich is mostly visible at the peaks in the
distribution There are two significant peaks located @tdnd 3.6A. The peak at 1.A

is the thermally average hydrogen bond distanced between the hydrogen atoms of

hydrogen peroxide and the oxygen atoms of wakt@r. this case the water oxygen atoms
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are proton acceptors while thednggen peroxide is thergon the hydrogen atom)

donor.
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Figure4.21. The atomic pair correlation functions for the hydroeggdrogen pair of
hydrogen peroxide and water (HHW) as a function of radial distance and mass
concentration of hydigen peroxide.

The HHHW pair correlation function is displayed kigure4.21. A slight dependence
on solute concentration variationvsible at radial values less than &5 There are two

peak maxima centered at 2.5 and 4.0
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Figure 4.22. The atomic pair correlation functions for tle&ygerroxygen pair of

hydrogen peroxide and water (@BPW) as a dinction of radial distance and mass
concentration of hydrogen peroxide.

The OHOW pair interaction displayed iRigure 4.22 is essentially the molecular pair
interadion between the hydrogen peroxide and the surrounding hydration (water ligand)
shell. A small variation in pair correlation as a function of mass concentration
dependence is evident in the plotost notably at the peakaximumcentered at 2.4

and minmum at 3.9A. Small amplitude oscillations of the pair correlation function

about unity appear after radial value A.0
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Figure 4.23. The atomic pair correlation functions for the oxydmsmnrogen pair of

hydrogen peroxide and water (OHW) as a function of radial distance and mass
concentration of hydrogen peroxide.

OH-HW pair interactions are displayed Figure 4.23. Slight variation of the pair
correlation function du# variations ofthe solutanass concentration are visible at radial
values lesthan 5.0A. There twomaxima centeredt 2.0 and 3.4A. The asymmetry in

peak shape of the maximum locat®.4 A is likely a result of multiple intramolecular
interactiors convolved yielding the extended shoulder that drops out at approximately 4.2
A. The hydrogen bond distance between the oxygen atoms of hydrogen peroxide and the
hydrogen atoms of water isvidenced bythe central peak location of the first peak
maximum of the pair aeelation functionat 2.0 A. In this particular case of hydrogen
bonding, water is the proton donor ati@ oxygen atoms of hydrogen peroxide dahe

proton accepter
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Coordinationnumbes for thenearespair interactionsalculated for each atomic
pair are provided inrable 4-6. The table also providetie minimum and maximum
radial values used in thealculation and the standard deviation of the coordination
number in parenthese3he water ligand coordination mber distribution (OHOW) for

each mass concentration is providedrigure4.24.

Table4-6. First Shell Coordination Nunals for the Hydrogen Peroxide Solutions
Coordination Number

Interactions  rmin(A) rma(A) HP10 HP20 HP30 HP40
OH-OW 1.0 405 7(1) 7(2) 6 (2) 6 (2)
OH-HW 1.0 2.5 1.4(0.8) 1.4(0.8) 1.2(0.9) 1.2(0.8)
OW-OW 1.0 3.4 4 (1) 4 (1) 4 (1) 4 (1)
HH-HW 1.0 3.2 6 (1) 5 (2) 5 (2) 5 (2)

HH-OW 05 2.4 0.9(0.4) 0.8(0.4) 0.8(0.4) 0.7(0.5)
HH-OH 05 2.6 0.1(0.4) 0.2(0.6) 0.3(0.7) 0.4(0.7)
HH-HH 1.0 3.5 0.5(0.8) 1(1) 1 (1) 1(1)
HW-HW 1.0 3.0 5 (2) 4 (2) 4 (2) 4 (2)
OW-HW 1.0 2.4 15(0.7) 14(0.7) 1.3(0.8) 1.2(0.8)
OH-OH 1.0 3.3 0.3(0.7) 05(0.7) 0.7(0.8) 1.1(0.8)
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Figure4.24. Coordination number distribution of water molecules surrounding a central
hydrogen peroxide molecule

As indicated by the histograndisplayed inFigure 4.24 as themass cooentration
increase20 to 30 %the centroidof the coordination number distributichifts to lower
values This is a directresult ofthe decreasing presenad water ligands in the first
coordination shell. For all four solute concentrations the distribution of watégands
ranges from 2 to 11 witimean valugsof 6 to 7.

These redis concur with Moin et al. published results. In that study of
hydrogen peroxide stability in solution by computer simulattbe $ability of hydrogen
peroxide was attributetb the surroundingwater ligands of thefirst coordnation shell

where tempaoary hydrogen bonds are formed and broken within fdratosecondime
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scale. There are twdlistincttypesof hydrogen bondshat occurbetween the hydrogen
peroxide and waterRelative to the solute, hydrogen bonds between the OH and HW are
proton accemirs while bonds betweel®W and HH are proton dor®r Figure 4.25
displays the probability distribution forthe number of OHOW hydrogen bonds in

solution as dunction ofmass concentration of the solute at ambient conditions.
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Figure4.25. The OHHW coordination number distributionNumber of hydrogen bonds

forming between molecular water and the oxygen atoms of hydrogen peroxide (proton
acceptor).

The probability of finding one hydrogehond formed whena hydrogen peroxide
moleculebehaves athe proton acceptor is greater than 40¥he likelihood of finding

two OHHW bondsis under 40% with decreasing probability with increasing mass
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concentrationFigure4.26 displays the HHOW proton donor interaction probabilitiésr

hydrogen peroxide in solution.
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Figure 4.26. The HHOW coordination number distribution. Number of hydrogen
bonds forming between molecular water and liidrogenatoms of hydrogen peroxide
(protondonor).

The charts show that there is a strong likelihood of finding one hydrogen bond when the
hydrogen atoms of hydrogen peroxide behave astarmpdonor tadhe surrounding water
ligands. The probability of findinghis interaction decreases as the mass concentadtion

the hydrogen peroxidencreases This may suggest thdhe thermal stability of the

solution decreasalue to the depopulatioof water ligands in the first coordination shell.
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As pointed out by Moin, the results indicate that four of the six surrounding molecules
are hydrogefbonded to water molecules.

The geometry of the hydrogdionded molecules can be described byatigular
distribution functions.Figure4.27 andFigure4.28 displaythe digribution angles created

by the OH-HW-OW and OHHH--OW arrangements, respectively, the simulation

box.
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Figure 4.27. The angular distribution functiesnof the oxygen atoms of hydrogen
peroxide and the oxygen ahgidrogen atoms of water, GKDW-HW.
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Figure 4.28. The angular distribution functierfor the directly bonded oxygen and
hydrogen atoms of hydrogen peroxide and the oxygen atom of wataiHOEIW.

All eight histograms indicate that the bonding arfgleboth hydrogen bonding typese
likely near180° with oneexception occurring for the GHHW-OW angular distribution
at athe solutemass concentration of 40% (the histogram titled HP40) where the
distribution appears to be converging to a slightly smaller anghmalyses of the
probabilities showthat the OHHH--OW arrangements occur more frequentlyfhe

results agree with the predictions made fitbin QMCF MM model.
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4.6 Conclusion

Structural refinement of the WAXS measurements of hydrogen peroxide solutions at
ambient conditions usingPSRyielded structural parametetfsatare in agreememwith
the predictionsobtained fromthe QMCF MM simulations of Moiret al. Using the pair
correlation functions drived from the EPSR structural model, the WAXS measurement
predict 6.5molecules of water on average in the hydration shell that surrounds one
hydrogen peroxide moleculeThe model also predicts that the stability of hydrogen
peroxick in solution is due ta greater likelihood that hydrogen peroxide will act as the
proton donor in the hydrogen bonds formed between the neighbeatey molecules.
This was determined bgomparing the hydrogen bonding probabilitiesigure4.25 and
Figure 4.26 and also by comparinghe angular probabilities of the bonds désedin
Figure 4.27 and Figure 4.28. In both cases the OFHW pair interaction has higher
probability across the four solute mass concentrations. These results provide direct
measurementsf the structureof the ambient liquid state supportof the QMCF MM
calculations as well agroviding another successful casehave EPSRprovides a

plausiblemodel from diffraction data
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CHAPTER 5

EDXRD SPECTROMETER

5.1 Introduction

This chapter will discuss technical aspectsthe EDXRD spectrometethat was
installed inside an X-ray encbsure normally used to houseX-ray micreComputed
Tomography(CT) instrumentation. This chapter will also present the initial EDXRD

spectra of the sample materials.

5.2 Experimental Apparatus

The EDXRD spectrometer was assembled inside a fairly dangey @abinetthat was
routinely utilized for Xray CT characterizain research. The primary pieces of
equipmentnside the cabinet that were utilizeg theEDXRD experiments included an
optical table, a high energy (320 kV)}rdy tube, and a-dimensional area detiec. All
three items were crucial thei nst r ume nt 0 sto thel expgrimene sudcessa n d
However,installation of theEDXRD spectrometeinside thecabinet vasonly permitted
providedthat tireeconditions were satisfied: ifhe CT-relatedinstrumentationmustnot
be displacedduring the installation andperation of the spectromete?) the EDXRD
spectrometermust be readily disassembled to provide quick access to the CT
instrumentation; and 3) the reinstallation of thigectrometer mushbe repedable to
minimize systematic error in the measurement$he spectrometer met all three

requirements.
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Figure5.1. EDXRD Spectrometer Layout

The schematic of the EDXRD spectrometer is displaydegare5.1. Using the
figure & a reference and proceeding from right to lalibng the optical axis of the
instrument, the first component shown is theray tube. The tube washeld at
approximately 30.5 cm away from the optical tabfel suspendetl52.4 cm above the
floor by a specialized Xray tube rack. Mounted to the tube coveringXhey port was
a 2.5 cmthick sheet of lead with a 2.5 cm x 0.3 @wllimation hole that was punched
directly in the centerThis lead sheet wake systend aperture reducing the-Kay beam
size and blockingnostof the X-rays emerging from the tubeMounted to theexterior
face of the lead sheet was a beahmper centered withespect to the center of the
aperture. The hole of thebean-shaper had an effective circular diameterldd mm
resulting inan elliptically shaped beanProceeding to thkeft, along the optical axighe
next components the sample stage.The samplestage was mounted directly to the
optical table where its center was positioned 74.71 cm away from the focal spot ef the X
ray tube. Thesample stage had two functions:iLheld the sample matial in place
within the path of théncident Xray beam an®)itservedas he goni omet er 6s

rotation. Attached to the post of the sample stage were two rods which could freely
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rotate about the center of the sample staglee opposite ends of the rods guided the
angular position of the CZT detector$he sampldo-detector distance was 120.35 cm.
The two CZT detectors and beam stop were elevated in the path of the diffracted and
transmitted beams, respectively, by a benthe bench was not mounted directly to the
opticaltableand could move freejyhowever, the position of the bench was controlted
maintain a repeatable positiovith respect tdixed reference points. The width of the
bench was 94.0 cmproviding a maximum scatteringangle of 14°. Geometrical
specifications of the instrument arensmarized inTable 5-1. Additional technical

details of the components will be providaedhe nextsections.

Table5-1. Geometrical Specifications

Parameter Value
Focal Spoto-SampleDistance 74.71 cm
Sampleto-Detector Distance 120.35 cm

Maxi mum Scatt er ~14°
Beam Shaper Collimator Diamet| 1.0 mm
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5.2.1 TheAperture and Beam Profile

The dimensions of the aperture dehmshapeiare shown irFigure5.2.

Pb Slab with aperture

W-Cu Slap
with pinhole

Figure5.2. Schematic of the Aperture and Pinhole

The aperture was pun c hleedross setioal asea of the dah i ¢ k F
was largeenough to completely cover therdy port. A set of three clamps were used to
affix the aperture to the flange of theray tube port. Taped to the surface of Fheslab
was aW-Cu alloy slab with a 1.00 mm diameter ghole ugd to shape the beam. The
beams haper was 1/80 thick.

Alignment of the aperturand pirhole with respect to the sample was achieved by
acquirng digital radiographic images of an-pdy pin phantom The location of the area
detector was directly above the back edge of dpacal bench where the detector
horizontalaxis was centereavith respect to the optical axisThe horizontal edge of the
detector was parallel to the optical table.tophe xy plane of the area detector was in
parallel with the face of the beashaper. The pin phantom wagositioned at the center

119



of the samplesecureddy screwing itinto an opticalspindlewhich was alsodstenednto
the stage mount.The vertical height of the beam was centered camtpherical bead
located at the tip of the pin phantorA.digital radiographic image of the pin phantam
casted through the beam shaiseshown inFigure5.3. The vertical position of the beam

is not aligned in this image.

Figure5.3. X-ray pin phantom as seen through the behaper

The beam spot was ellipticah shapewith the major axis in the vertical
dimension and the minor axis in therizontal dimension of the imaglaneof the area
detector. The eccentricity die¢ beam was on average 0.5the vertical and horiantal
beam intensity profile of the spqtFigure 5.4, can be well approximated by Gaussian

functions
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Figure5.4. The beam profile: (top left) the intensity distribution as function of pixel
number in the vertical dimensipiitop right) the intensity profile of the -Kay beam
projected onto the area detegt@iottom left) the centrdi positions, distribution widths,
and amplitudeof the beam (bottom right) the intensity distribution as function of pixel
number in the horizontal dimension

A 3-dimensimal display of the Xray beam intensity projected torthe detector is shown
in Figure5.5 where the pixepitch of the detector was used to convert the pixels to length
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in millimeters. The intensityscale of theprofile is arbitrary as the intenty was
normalized against its maximum intensity value to show the intensity percentage was

functionof the area covereaf the spot.
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Figure5.5. The beam intensity profile as function of spatial lar(gim)

Images of the beam spot were collected at the beginning of ea¢b ttagk the
position and shape of the beam spot as functiotinoé to ensure dayo-day scan
consistency of the measuremeni&he centroid position and horizontal (X) and vertical
(Y) FWHM of the spotprojected onto the area detectoeresrmeasured. Table 5-2
provides the averaged measurem&ith standard deviation, in parentheses, of the

measurements.
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Table5-2. The Centroid Position and FWHM$the Beam Profile

Spot Parameter| Value

Ximid 680.9 (0.8)pixel
FWHM 76.3 (0.3)pixel
Y mid 950.3 (1.8)pixel
FWHM, 89.2 (0.5)pixel
Eccentricity 0.52 (0.01)

The standard deviation fahree of the four measurements of the spotless than one
pixel, however the vertical centroid position hasightly larger standarddeviation of2
pixelssuggesting that the Pb aperture was slightly sliding downward during the nine days
of data collection. The percentchange in the verticgbosition of the beam spoas
function of time n terms of dayrelative to the first measurements is plotbed-igure

5.6. The overalldownward shift of the vertical position of thperture assemblyas0.8

mm. This shift did notaffectthe measurements dwetheightbetweenthe bottom edge of
thebeamand the top facef the sample stageaslarge enough that this verticshift did

not induce a measureable chaimgéhe background sgtra
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Figure 5.6. The percent chge in the vertical centroid position as a function of the
consecutive day of the experiment relative to the vertical position on day one

5.2.2 X-ray Tube
The Yxlon Y.TU 320 bipolar metateramic Xray tube used in the expemmts
was the source of Xays. The anodewas made frontungsten.Table 5-3 lists the

specifications of the Xay tube.

Table5-3. X-ray Tube Specifications6]

Maximum Tube Voltage 320 kV

Focal Spot Size 0.4 mm/ 1.0 mm
Maximum Power (small / large focus)| 0.8 kW / 1.8 kW
Inherent Filtration 3.00mmBe + 0.5mm C
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The maximum applied voltage was 80 k\fmited by the detection efficiencyof CZT
droppingoff at energies greater th&0 keV. In addition this voltage settingeducel the
added erronin the spectrumwhen normalizing the scattered spectrum of the sample
againsthe incident source spectrum of the beam

Figure 5.7 displays the measudtantensity (in detector counjsof the incident
beam energy spectrum measured by CAdditional detector collimation was used to
reduce the beamintensity when acquiring this measurementln addition to the
collimator, the Xray tube currentwas reduceduntil the detectiondeadtime of the

electronics wabelow 2.00%.

550

500+

400+

w

(o

o
T

w

o

(=]
T

Intensity (cnts.)

0 20 40 60 80
Energy (kev)

Figure5.7. X-ray spectrum of the beam measured using CZT detectors

The beam energgpectrum displaythreenotable featuresThe first feature is themall
tungsten K | i ne at ap geVwhich iscartsistdntyith idanodenaterial
The second feature is the lowergy tailing due tointernal scattering and partial

absorption of photons within the detectofhe third featureconsists ofthe Cadmium
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(Cd) and Tellihas whicd give (is€ & )the &ybbarely discernibléroad
peaks at approximately 23.Ghd 27.00keV, respectively. The effective (or mean)

energy of the incident beam spectrum was 38.4 kV.

5.2.3 Sample Stage and Goniometer

The sample stage of the EDXRD spectrometer was designédtiohold the
samplematerialin a repeatable pdsn within the path of the incident beam and to act as
the fulcrum of the duahngle goniometer. Aschematic illustration showinghe
scattering trajectories of the experimemstslisplayednthe left inFigure5.8. This figure
depicts two detectors simultaneously collecting the scattered spectrum from a substance

which is positioned at the intersection of the three rays shown in the figure.

y 9.7 - Sample Platform

Rotating Collars

Detector 1

IncidentBeam

Detector2

Figure5.8. Scattering Diagram (left) and Sketch of the Sample Stage (right)

The image on the right is a sketch of the sample stage designed for thangldti
EDXRD experiments.The base of the sample geawas mounted onto the optical table
usingstandard fastenersA columnthat was 61.0 cm tall wasttached to the basand

was used to elevate tisample stage A standard’.6 cmtall optical mountwas used to
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hold the sample angkrve ashefulcrum of rotation. Two sets of plastic rings with inside
diametersvere machineduch that the rings could freely rotate around the vertical shaft
of the optical mount. The riggverestackedon top of each other. Attactiéo each ring
were squareodsof steelthat were approximately 120 cm lon@he steel rods were used
to determinethe scattering angles and to align the detector with respect to the scattering
vectors.

The alignment rods were used to guide &ngular positions of tl@ZT detectors.
The ntended scattering angles were first determined by measuring the angle between the
optical axis of the instrument and the alignment rods as showigure 5.8. The
intended scattering angles are the angteslebetween the rays that originate from the
center of the circle, pointing towards the detectors, and the optical axis of the instrument,
which is represented by the dashed line that bisects the cikl@rotractor with a
resolution of 0.1%vas used to initially determine the angupersition of the alignment
rods and detectors.The scattering angles wefme-tuned by collecting the EDXRD
spectrum of a powdered silicon standard and measuring the positions Bfagg peaks.
If the position of the peaks did not match the intended scattering angle, the angular
positiors of the alignment rods and detectors were adjustedrencheasuremenmtith the

silicon standard wapeated until the desired scattering asiglereachieved.

5.2.4 Detector Housing Assembly
The detector housings were designed to atigmdetedor anddetectorcollimators
and, in additionto shield thedetectordrom any unwanted Xays. The outer housings

were fabricated using@ 0 mmo rcopd@ropipe tee as the outer housinghe materials

127



used to construct the asdtatter rejectiorparts of the housingwere made of @pper
(Cu), Lead Pb), andTungsten V). The crosssectional view of the detector housing is

displayed inFigure5.9.

gu IED)i.pe ;— i Pb Diaphragms
mumlgpv ragm ~/  AftCollimation

Detector

Pb Strips / —— Alignment Guide
W-Cu Receiving Slit

Figure5.9. Cross Sectional View of the Detector Housing Assembly

The detector collimation consistl of two parts: the aft collimator and the detector
receiving slit. The aftcollimator was machined to have an outside diameter that was
slightly smaller than the inside diameter of the pipe t&éhe aft collimator was mad
from Ph. The acceptancavindow of thecollimatorwas 3 mm wide by 20 mm tallThe
length ofthe collimator was 88.9nm. The aft collimatoremovedany offaxis scatter.
Positioneddirectly behind the aft collimator were tweb diaphragmsvhich shielded the
front face of the detector from radiatidhat wasnot blocked by the aft collimator
Directly behind the Pb diaphragms sat the M@u alloy detector collimator which
narrowed the width of the detector window down to 1.0 niihe purposdor using both
collimator types was to minimize the broadening of the measured scattered spectrum by
maintaining a high degree of angular resolution.

Positioned after the detector collimator, a Cu diaphragm sat flush in between the

front surface of theatector and the back surface of Blediaphragm. Similar to the Pb
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diaphragms, the Cu diaphragm shielded the front face of the detectoeftoameous
scattering. The sides of the detectors were first wrappednaskingtape then in Pb
strips. The tag was used to protect the detector fil@bdeposis. ThePbstrips shielded

the detector from Xays that could potentially transmit throutite sides of the Cu tee.
Finally, the rear of the detector assembly was wrapped witsh@atsto block X-rays

tha backscatteoff the area detector arahy other objects positioned behind tB&ZT
detectors. Taminimized signal interference due to the Cu touching the wire connectors
or other conducting components of the assembly, the surfacék® cCu sheets were

covered ina honconductive tape

5.2.5 Detection Electronics

The EDXRD spectra were measurasingan eV Microelectronic$ planarCZT
detectorwith a detector crystalross sectional area of b6m? andcrystal thickness o2
mm. The detector was slipped insittee detectohousing assembly that wdescribedn
the previoussection. A semiGaussian pulsshaping was applied the measured signal
using a Canberra 2026 shaping amplifidihe energy spectrum of the scattereda)(s
wasdigitally recorded with @k resolutionusing the Ortec ASPEG27 MCA. The MCA
interfaced withdata collectionrcomputers withMaestro MCA emulation softwareThe
Maestro software convexd the channel number to photon energy (keV) by calibrating
the conversion scale using theeasired o-ray energy spectrum 6fCo. The nominal
detector dead time in the scattering configuration was ufd&. The detection

electronics and scan parameters are summariZeabie5-4 andTable5-5, respectively

2 Formerly eV Products, currently known as El Detection & Imaging Systanusyision of Endicott
Interconnect Technologies, Inc.
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Table5-4. Detection Electronics

Component Manufacturer and Model
CZT Detector eV Microelectronics
Detector Bias Voltage Suppl Tennelec T953A
Shaping Amplifier Canberra 2026

MCA Ortec ASPEC 927

MCA Software OrtecMaestro MCA

Table5-5. Parameters for the Detector Bias Supply and Shaping Amplifier

Parameter Detector 1 Detector 2
Detector Bias Voltage 300 vDC 300vDC
Shaping Time 0.5 us 0.5 ps
Shaping Mode Gaussian Gaussian
Amplifier Coarse Gain (dB. 1000 1000
Amplifier Fine Gain 7.77 7.20

5.2.6 CZT Detectors
CZT has several physical properties that makery advantageous for use in X
ray daay @gpectroscopy. The physical properties important to the detection and

energy discrimination of Xays are sumarized inTable5-6 for both Ge and CZT [§7

Table5-6. Important physical properties of Ge 8DdT detectors []7

, . . Bandgap o Intrinsic
Semt Density Atomic lonization .
conductor  (g/cnT) Number energy potential (eV) Resolution (eV) at
(eV) 100 keV
(HP)Ge 5.33 32 0.67 2.9 450
CczZT 5.81 30,48, 52 1.6 4.6 620

The chemical composition of CZT is C@nsTe, where x typically ranges from

0.1 to 0.2. CZT detectors have a high quantum efficiency (or detector efficiency) for
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photon energies greater than 3 keV and below 180 keV. This is because of the high
densityand the high atomic numbers of Cd and[88. The interaction probability as a

function of photon energy for a 2 mptanarCZT is shown irFigure5.10.
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Figure5.10. The interaction probabilitoy89f or AmpT

In the energy range of interest for thesearch, CZT detectors would operate at optimal
detection performance as the photoelectric absorption interaction probability is much
higher han the Compton interactionThe wide bangjap energy of CZT leads to very

high resistivity (~1°qc m) whi ch i s why t h-tesperatdre Thect or s
high resistivity also leads to a low leakage current allowing for the better detection of low
energy Xxrays when compacdeto CdTe detectorf88]. The high resistivity also allows a

low biasvoltage (~300/dc).

The primary drawback for using CZT is the enedgpendentegradation of the
measured energy spectra because of poor hole mobility. As the energy of impinging
photors increases the interaction depth also increadech yields poagr hole collection
because of defects in the crystal. This enatggendenspectral degradation causes
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nonsymmetrical fulenergypeaks with a low energy tail. This effect coupled with the
intrinsic energy resolution of the material will broaden the measyseaks.A
comparison between CZT and Geshown inFigure5.11. Here the’’Co spectrum o&

button source was measured at two separate occasions for each tgiector
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Figure5.11. A comparison between the energy spectrum (between 110 keV and 140 keV)
of >’Co measured using CZT and Ge

Generally the energy resolution is quantified by measuring the FWHM of a peak of
known energy frommc o mmon r adi o a erdys. \nehis pastioufacccase,ahk o
FWHM of the 122.1 keV peak ofCo was used The FWHM of the energy peak
measured by the Ge detector was 2.8 keV while the CZT detector measured 5.5 keV.
The energy resolution of the CZ&t 122 keV)is broaderd by a factor of 2 when

compared to the Ge detector.
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The FWHMof the 122.1 keV peak vgameasured multiple times on different days
for both CZT detectorsThe average FWHM for detector 1 was 5.0 = 0.2 keV and was

5.2 + 0.3 keV for detector 2.

5.2.7 Initial Measurements of the EDXRD Spectra

This section will demonstrate the¢miconductoCZT detectors provide suitable
energy resolution fomeasuring the diffractiospectra of liquds up to the minimum
momentuntransfer value of 4.5 nin

The EDXRD spectravere acquired atvo scattering angle$.5°(detector 1)and
12.25°(detector 2). The peak potential of the source was 80 kVp. The spectra were
collected with a total integration time of 30 minutis obtain sufficient counting
statistics. Background measurements of the spectrometer and the empty sample container
were performed as well. The measured sample was corrected for background
contributions and was normalized against the source spectrum. The measurements were
not corrected for sefibsorption or multiple scattering, because of the small sample size,
which was 1.0 cm in diametg4]. The diffraction patterns were also not corredtad
Compton scatter. The EDXRD patterare the total scatteredrdy intensityfrom the
sampleas a function of photon energyThe EDXRD patterns were smoothed using a
quadratic SavitzkyGolay filter [90].

Figure5.12 displays the EDXRDspectra of the hydrocarbon sample set collected

at 5.5, using detector 1, and compares BIBXRD spectra to th®VAXS spectra
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Figure 5.12. The EDXRD and WAXS spectra of the hydrocarbon sample materials
collected at a scattering angle of 5.5

The intensities were scaled to the WAXS dé#ten normalized to unity for comparison
purposs only. The diffraction peals of the EDXRD spectra agree very well with the
WAXS data in terms of peak location and widtfihe energy resolution of the CZT
detector did not severely impact the peak width of the hydrocarbon samplEigete

5.13 displaysthe EDXRD spectra of water drthe HP solutions measured at the®5.5

scattering angleThe ADXRD version of this plot can be seerfFigure3.28.
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Figure5.13. The EDXRDspectra of water and the HP solutions collected at a scattering
angle of 5.8

The characteristic shouldaf the diffraction spectrum of watelis observed in the
EDXRD patternbetween the momentum transfer values of 2.0 and 2.25 nithis
shoulder graduallydisappears as theass concentratiomf HP is increasedvhich
concurs withthe WAXS observationd=(gure3.28) of HP.

Figure 5.14 displays the EDXRD spectra @fater collected at two angles: 5.5°
and 12.25° A preliminary leastsquares regression algorithm was employesctalethe
intensities of the individual spectta the WAXS spectrum.The dashedpectrum is the
WAXS measurementFurther details regarding the leasfuares scalinglgorithm will

be discussed int@pter 6.
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Figure5.14. The EDXRD profileof water captured at two scattering angles: %tbde)
and 12.25°red). The scattered intensities of the EDXRD speetexe scaled to the
WAXS spectrum of watetb{ack) using a leassquares scaling algorithm.

The intensities of the EDXRD speciratheregion exhibitng the $ioulderdid not scale
well againstWAXS data (black).This suggested that tfe5’ spectrum (blue) should be
corrected for sample sedbbsorption The 12.28 scattered spectrugned) however agree

very well to the WAXS model.
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Figure5.15. Thediffraction spectreof diesel masured at two scattering ang(&s5°and
12.259 and scaled to the WAXS spectra using a lsgstares regression algorithm.

Similar to Figure5.14, Figure 5.15 presents the EDXRD profiles of diesalaled to the
WAXS diffractiondata The diesel diffraction peak in the 8 BDXRD (blue) spectrum
is slightly wider than the WAXS spectrum (black). The 12.E®XRD peak (red),
centered at a momentum transfer value of 2.4' mppearsto scale well against the
WAXS spectrumof diese] expect for a divergence that occurs at 4.4 nmiThis

divergence is likely due to the nonlinear variation of the inciderdyXsource.

5.3 Summary

In this chaptetechnical aspects of the custom EDXRD spectronve¢éee discussed
Incident Xray sourcerequirements oscattering angle considerations for characterizing
the sample materialsere no discussed in this chapt@oth items will be addressed in

the next chapterPreliminary scans of the samplegre presentetb show that energy
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resolution ofthe CZT detectors is suitabfer measuring the EDXRD spectra of the
liquids. The results of the prototype spectra fusing algoritisad to extend EDXRD
spectrao a larger momentum transfer awisre also presented refinedalgorithm will

be presentdin the next chapter.
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CHAPTER 6

MULTI -ANGLE EDXRD OF L IQUIDS

6.1 Introduction

In this chaptetthe results obtainelom the custom EDXRD spectrometer described
in the previous chapteare presented The EDXRD spectra for eackamplematerial
were measured at four separate angles and then combindéokno one contiuous
EDXRD spectrunextendng the momentumransfer rang®eyond theenergylimitations
imposed by theCZT detectors. Algorithms that combinedocally weighted scatter plot
smoothing andweighted leassquaresscaling were used to facilitate fusing of the
individual EDXRD spectra. Multiple scans at eastattering anglevere acquired
providing scanto-scan variation of the EDXRD spectra fusing technique. The analytical
approach is an éansionof the spectra fusing methodology presented by B.W. King and
P.C. Johns for EDXRD dafa1].

The information in this chapter will be presented in the following order. First, a
description of Kingds and Johndmfobwmctra f
section will discuss the experimental desigrhis includes a discussion on the incident
source spectrurgelection scattering angle determination, and a brief revaéwhe data
acquisition procedureA description 6 the data analysis routine incligkbe corrections
that were applied to the data and the EDXRD spectra fusing algoritheaxchapter ends

with adiscussion of the resulgsidconclusion.
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6.1.1 Previous EDXRD Research Using Multiple Angles

The approachdr constructing=DXRD spectra by combining the individual spectra
collected at discrete scattering angles was first published by King and Johhat
paper, the EDXRD spectad the investigated materialgerecollected at seen different
scatteringandes For each sample material, the individual EDXRD spectra were
combinedand the resulting spectra were compared to -gtdddard spectra of the
respective materials. Their results for water (a) and for polyethylene (b) are shown in

Figure6.1.
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Figure6.1. The combined EDXRD results for water (a) and for polyethylene (b) obtained
by King and Johns. The spectra are compared to gold staXBardlata[91].
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The EDXRD spectrum for water wagfinedfrom 0.5- 9.0 nni* by assemlihg together

the sevenndividual scans. The average absoluédue of therelative difference for
water when compared to the Narten and Levy reference was (RID1 For the
polyethylene sample the computed difference was 0.198 when compared to the
Kosanetzkyet al referene spectrunj92]. Themomentum transfer domain for the fused
polyethylene diffraction spectrum wass - 4.25 nni.

The individual EDXRD spectra were collected using a custom EDXRD
diffractometer that utilized a series of carefully positioned apeEstup create the
scattering angles, as opposed to using a gonioméher.incident Xray source spectrum
was generated by a conventional rotating tungsten anewds ¥Xibe. The peak source
voltage was set to 121 kV. The scattered spectra were collesied HPGe
semiconductor planar detectoEach spectrum was corrected for background scattering,
sample selabsorption, and incident source weighting.he combined spectra were
generated b¥irst converting theabscissa of the spectirmm the scattereghoon energy
to momentum transfesind then overlaying the EDXRD spectrahe intensities of the
overlapping regions were averaged\ ... test was conducted at each data point to

remove outliers prior to calculating the mean intensity.

6.2 Experimental Method and Analytical Approach
This section presestthe experimental setup and parameters, fasicedure for
acquiring EDXRD spectra, datorrectionand denoising procedure, and the algorithm

used to combine the spectra
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6.2.1 Scattering Angle anthcident X-ray SourcePotentialConsiderations

According toTable6-1, which displays the peghositionsextracted from the
WAXS data setthe peak positionsf the principle diffraction peator water and the four
agueous solutions of hydrogen peroxadeur & the highestnomentum transfer valae

(1.6711.7 nm?) .

Table6-1. Principle DiffractionPeak Locations frorthe WAXS Data Set

Substance Diffraction Peak Location (nm®)
Acetone 1.14
Diesel 1.03
Ethanol 1.23
50% Aqueous Ethanol (alv 1.40
10% HP 1.60
20% HP 1.62
30% HP 1.65
40% HP 1.65
Honey 0.96
Nitromethane 1.25
Peanut Butter 1.09
Water 1.60

Another common aspect oprinciple diffracton peakspectra of the aqueous solutiaas
that the peak widthextends out to a momentum transfer value of 3.I'.nnThe
diffraction patterns for aforementioned aqueous liquids and the 50% (abv) aqueous
solution of ethanol are displayed kigure 6.2. The dashed vertical line ithe figure
indicates the minimum acceptable momentum transfer value for characterizing the

diffraction peals of water and the other five aqueous solutions
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Figure 6.2. The diffraction patters for water, four aqueous solutions of hydrogen
peroxide, and a 50% aqueous solution of ethanol (abv).

Since water is the smallest molecule of all of the common liquidsoat temperature,
the minimal acceptable momentum transfer value of the spectrometer should be near 3.1
nm*[13]. This will insure proper characterization of tiéraction peakfor all common
liquids. Liguids and amorphous gethat contamn moleculeshat are larger thawater
will exhibit a diffraction peak at momentum transfers less than 371, amiseen ifTable
6-1.

Since EDXRD utilizes a polyehmatic Xray source, thecattering anglef the
diffractometerand the peak energy of the ident Xray spectrum will definethe
momentum transfer range of the diffractgpectrum If the minimalmomentum transfer

(o ) and the peak incident-Kay energy O are predetermined, then an optimal
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