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Abstract

Abstract

Increasing numbers of pharmaceutighlugs are beingproduced in salt fornto improve
bioavailability and handling and processing propertidsifective control of organic salt
crystallisationfrom solution requiresan improved understanding of the moleculavel

interactionspresent in the solution before and during crystallisation.

Sate-of-the-art X-ray techniquesprobe solution-phase systemat the short time and
length-scalesrequired to reveal information abouthe chemical environment antbcal
molecular structureof the solution Corelevel X-ray spectroscog and Xray diffraction
combined with computational analysibave been usetb characterisean organic salt in

solution and the phase from whi@n organic salt crystallises.

ThenearedgeX-ray absorptiorfine structure(NEXAF3pectraof the C and N J€dges of

agueous imidazol@mid)and imidazoliun{ImidH") are acquiredusinga novel combination

of X-ray Ramarscattering (XRS), neasmbient pressure Xay photoelectron spectroscopy

(NARXP$ andtime-dependent density functional theory (TDDFT) calculati@hand N 1s

corelevel binding energiefrom NARXP$were used to assign relativienisation potential
energies.N-atom pseudoequivalence ImidH', defined by the singldsam ™ F G NI yaA d A
peak,contrass with the two N moieties observed in ImidDDFT calculations revedl

1sso0 " F  NB a2 y I hhids @ Kedgy spéctusithat are not present in the Imid

spectrum.

Xray Pair Distribution Function (XPDpatterns collected during thein situ cooling
crystallisation ofan aqueous solution of guanidine hydrochloride (GuH@jcate three
distinct solution phasegrior to crystallisation For the first time, EmpiricaPotential
Structure Refinement (EPS&juctural modek, refined to experimentabata, have been
used tosuggesthe possible structural motifs that may dominatethre pre-crystallisation

phases.

The combined XPDF/EP&Rproachwas applied tahe structures of 2, 4 and 6 M aqueous
GuHCI solutionsand suggestd mediumrange structural differences in Gdm-Gdnm’
interactions due to a critical solvation changaetween the 2M solution, and higher

concentrationsolutions
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Chapter lintroduction

Chapter 1 Introduction

1.1 Crystal engineering of solid drugs

Drugproducts are formulated tobe bioavailableonce they arrive at theequired site of
action on or within the body[1]. Active pharmaceutical ingrediest(AP¥), which are
frequentlyformulated and delivered as solid dosage folf2k need to bewater-soluble to
facilitate absorption across the intestinal membrafig¢6], or for administration via
injections, infusions, or nasal or eye drofld. Solid AR may existin crystalline or
amorphousphaseq?2,7]. Crystalline materials are generally easier to isolate and phinddy
amorphous solids, and havenger shelflives as they aréess prone to oxidatioifl,3,6).
Typically, oystalline solid$ave bettersolid-state handling propertiesalthough some can
have processinigsuese.g. pooflowability and compressibilityorlow bulk densies, which

maylead to storagessues[1].

Hydrates/solvates, salts, or emrystals, which may be formédom a salt and a secondary
molecule are commonly used to formuiti-component compoundgt]. Although cecrystal
drug compounds have been discussed in the literature esifgohler first presented
quinhydrone in 18448], the concept of crystal engineering in its current form only came
about in the 1980s and 199(3].

Crystal engineering applies our understanding of intermolecular interactions in crystal
structures to the design of newolids, whichpresents an opportunity to findune new
materials includingAPE to optimise manufacturability and performance characteristics
[2,10,11] Improving the therapeutic effect of a drug formulation may also modify its
pharmacokineticor physicochemicgbroperties such asstability, bioavailability, or crystal

size, shape and morpholofi;,4,12,14].

A trend towards the discovery and development of increasingly tasgetific and potent
APIs, possibly due to the implementation iof silicolead molecule identification and
optimisation[5,9,15] often results in lipophilic drug entities with high molecular weights
and lowsolubilities[5,16]. In a 2006 classification of the 2@dost commonlyused drug
products in the USA, UK, Spain and Japaura 20% of tk considereddrug products were

highly waterinsoluble[15]. As a result, there is a real driterdevelop drugs in salt form.

1.1Crystal engineering of solid drugs 1



Chapter lntroduction

1.1.1 Saltsas drugs

If an API is insolubler difficult to crystallise, salt screeninghe search for a suitable salt
formulationt may be conductedi17]. Around 70% of APIs have the requisite functionality
for salt formation[17]. The selected counterion will influence physical @nigs such as the
melting point, thermal and chemical stabilitgrystallinity[18,19]and hygroscopicitywhich

should be minimised (rule of thumb < 2% for the salt form to pass through scrd@gijig

The International Union of Pure and AppliedK SYA A GNB 6L!t! /0 RSTAySa
O2YLRdzyR O2yaraidiay3da 27F | y[21), seatBevcmdsiBeatianfof O (0 A ;
multi-component crystals can be inconsistent, with ambiguous or contradictory systems

proposed in the literaturg4,7,22,23]

To form a salt or carystal, a molecule should contain a protdonating or proton-
accepting moietyAs crystal engineering has developed, a formalism for the classification of
salts and cerystals has been establsth, and the literature suggests that there is a
continuum between the these compound typbssed onthe extent of proton transfer
[17,24,25] with partial ransfer (hydrogertbonding) forming a cocrystal and complete

proton transfer forming a sa[R4].

Sals are formed in anacidbase reaction [26], and the relative pK; values! of each
componentpredicts whether a salt or carystal will be formed24,26] As a rule of thumb,

a reaction wheren LJ¥ 3 will produce a sajtand ifn Ld¥ 0,a cocrystal will be formed
[24,27] Whilst most aciebase complexes can be defined by this parameter, the
classiftation is less cleavhenn LdValues fall in the 43 range[24]. Ifn LJd¥ smalland the
energy barrier separating the hydrogéonddonor/acceptor potential wells is low, the
hydrogen is quascentral and a short, strong hydrogen bond is fornj28,28] The pKof

the ionisable group is often established early on, and potential counterions are selected for
further screening based on this LJ¥ 3 rule [19]. It should be noted that pivalues quoted

for a given temperature (often 25°C) normally relate to aqueous solutieasif other

solvents are used, the piill vary[29].
1.1.2 API screening

When selecting the appropriate salt formafirug molecule, factorscludngsolubility, pH
solubility profiles,the feasibility of fullscale production and solistate properties for

production and processingire considered[1,18] Ensuring that a dig candidate is

1 pKa =-log @issociation constant, X

1.1Crystal engineering of solid drugs 2
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sufficiently watersoluble early on in the drug screening process essential for

pharmacological testing and preclinical trigl$.

Although rapid salt selection is crucial to reduce the time to market of the new[dd]g

solidform screeningof potentialnew salt compoundis time- and labourintensive[4,30].

Salt screens are very sensitive to crystallisation conditidrd. Drug solubility and
supersaturationis asses=d by developing aalibration curvewith ultraviolet-visible light
(UMWvig) or infrared (R spectroscopy1]. Deciding whera solutionequilibriumis achieved
can beproblematic asthe solid and liquid phaseway need to bén contact for dong time

to achieve the equilibrium statg81]. Crystallisation systems such as Crysta¥i{32] allow
efficient smallscale solubility screeningvhich is useful if limited material is available for
screening. Howeveindustriatscale process conditionsuch as temperature control and
crystalliserflow characteristics, are difficutb replicat in the laboratory,meaningsome

level of empirical process designrequired30].

Computational methods are being developed as a complementary screening tool for organic
molecules [33]. Although not all plausible structures identified by crystal structure
prediction (CSP) would form in practif34], methods have been developed to determine
normally the most thermodynamicalistable crystal structurefom the chemical diagram

[33]. In a 2010 blind study using CSP methods, some previously unpublished crystal
structures were found to be easy to predict, but some could not be solved by computational
methods[33]. The field of computational crystallisation and CSP is rapidly evolving, with
continual development of new methods and apprbas, and better integration of CSP
studies with experimental woris possibleas the experiencéase increase83]. Gainilg a

better physicochemical understanding of crystallisation will bring about improvements to
computational analysis method84], resuting in economic and timsaving benefits to the

salt screening process.

1.2 Nucleation theory

Crystallisation is the process by which a solid phase is formed from a liquid, solution or
vapour phase[35]. Despite being an essential step time pharmaceutical[17], food
production, bulk and fine chemicd36] andagrochemical§37] sectors themolecularlevel

understandingof how this process occuis incompletd3,38].

Conventionally, crystallisation processes are modified by empirical changes to temperature,

supersaturationlevels or fluid dynamics, e.g. agitatig89]. However, it is generally the

1.2 Nucleation theory 3
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molecularlevel kinetics, which are influenced bintermolecular interactiong10], that
govern crystallisation process¢34] and thusdetermine the properties of theaesultant
crystals, such as size distribution and polymorph type,40:44]. The lack of an atomistic
understanding of the structurorming processes that occur before and during crystal
nucleation and growth limits our ability to effectively and efficignttontrol the
crystallisation proces$t1,45] Consequently, control of the crystalline product, which is
required for the synthesis ofome new materialg46] and prodiction of aconsistent

pharmaceutical productis reduced47].

Nucleation can be classified agprimary (homogeneous or hetegeneous) or secondary
process (Figure 1.1). Primary nucleation occurs in the absence of seed crygg&il$
Homogeneous crystallisation occursifclei form spontaneouslgnd there areno foreign
particlesin the solutionto facilitate it [4,31], whereas kterogeneous crystallis@n is
induced byimpuritiespresent in the solutione.g. dus{31]. Secondary nucleatigmvhich is
induced byseed crystals or attrition fragments the solution[31,40] affect the particle

size distribution due to different generations of stgls forming in the solution.

Nucleation
......................... ¥ . A
Primary Eo Secondary
................................... ' (erystakinduced)
................ LA— SR T —
| Homogeneous @ | Heterogeneous
. (spontaneous) = (foreign-particle-
R H inl:ll.loed}

Figurel.1 Nucleation classification, based on rg#0]

Seeded secondarnynucleation is often the pathway that is followédindustry, as it enables
greater control of the product morphology and size distributi®]. Heterogeneous
nucleation on equipment surfaces is unwanted, as this results in cleaning issues, reduced

yield and potentially unwanted polymorph growt88].

Theclassical and nenlassicahucleationtheoriesintroducedin this sectionare detailed
elsewherg[45,48;50].

1.2.1 Supersaturation

Superaturation, a prerequisite for nucleatignis the driving forceof crystallisationand
dominates the kinetic processes thatcur duringhucleation[37,51,52] Supersaturation is
achieved vhen the crystallising speciésdissolved in a solvent systeat a concentration

abovethe equilibrium §aturated)concentration [31].

1.2 Nucleation theory 4
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TKS & dzLJS NA I (i dzNJ {icartbe ex@ebsedherndodyhadzicallyl yerms of the
activity coefficients of the solute in saturated and unsaturated conditjpy#2,53] Because
requisite specifisystem activity values ardrequently unavailable, a measure of
supersaturation based on concentration is used instdzagli@tionl):
O W

7 Equationl

”

where c is the solution concentration and c* the equilibrium concentration of the solution
at a given temperaturg53]. The supersaturation ratio S, can be describedgsation2
[54]:

w

A I3 Equation2

A solubility curve describethe mass of solute that can completely dissolve in a solvent at a
giventemperature (Figurel.2). Along the solubility curve (solid line), the satieh system
is in equilibrium so the further addition of solute will give rise to the appearance of

undissolved crystals in the solutif®d].

Supersaturated / labile region
Spentaneous nucleotion may |,

occur _.:'.-'.‘E'mnuy
/ zome width

netostable fimit

Concentration, M

-

-

———— Undersaturated region
Lolution is stable

Temperature /°C

Figurel.2 Solubility curveshowing the metastable zone

Below the solubility curvethe solution is undersaturatedo the mass of solut@resentis
below the equilibrium saturation value. Above thmetastable limit dotted ling), the
supersaturated solution is described as labile, meaning that new crystals can form
spontaneously37,42] For asolution at pointx, supersaturation can be achieved by either
decreasing the temperature (along éim on Figurel.2) or by evaporating the solvent to
increase the concentration (along lir® [55]. The addition of an ansolvent ca also

generate a supersaturated solution resulting in crystallisafi).

The metastable zonéMSZ)between the undersaturated ral supersaturated regions is

characterised by the lack spontaneougprimary crystahucleation[55,57] The metastable
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zone width (MSZW{lescribes themaximum supercooling before spontaneous nucleation
occurs[58]. The MSZWs determined bymeasuringthe temperature at which nucleation
occurs, for example using arhidity probe, for solutions of increasingupersaturation
[55,58,59] The MSZW is systegpecific, as it is sensitive to environmental factors such as
the agitationrate, the presence of impuritieand the surface properties of the crystallising
vessel[37,55] If the solute is held ira supersaturatedsolution, the excess solute will

crystallise outo leawe a saturated solutiorafter what isknown asthe induction time[54].
1.2.2 Classiawucleation theory(CNT) and its limitations

Whilst we are able to comprehensively characterise bulk crystal structures, and our
understanding of solution chemistry is improving, the significant challenge of deriving a

physicochemical understanding critical stages of nucleation and crystal grow#ing8v].

QassicNucleationTheory (CNT) whichwas initially developed in the 1920s by Volmer and
Weberto describethe condensatiorof vapour to a liquidhasbeen extended and refined

over timeto explain crystal nucleatiowithin melts and solution§38,45,60,61]

In CNT, nucleation is considered a foster phase transition[43] based on the
thermodynamic relationship between the bulk energy of the solid phase and the interfacial
energy between the solute and solvent in the crystallisipstem[62]. CNT assumes that if
the bulk metastable phasis sufficiently supersaturated] K S & &raelieBSevgp Barrier

can be overcomeo induce nucleation [31,51] During nucleation, amall number of
crystallising unitgoin to form an interface betweenthe solutionandthe new phasd42],

thus reducing the free energy of the systé46].

These symmetrical cryat nuclei undergo a series @lementary singleparticle (atom,
molecule or ion) attachment or detachment evefi3d,63] If the molecular clusteradius r,
is below the critical size for nucleatiog it is energetically favourable for the cluster to
dissolve sothe moleculesreturn to solution. If rc is achievedgrowth is thermodynamically
favourable as it lowes the free energy of the systerfd2]. These critical nuclei are
considered the transition state between sergaturation and crystal growti49]. The
number of crystallising unitsin a critical nucleusranges from 10 to a few thousand,

depending on therystallising substanddO].

DA0O0&Q (KS NibtioR of ICNTHE 4,69 states that he overall excesdree
SySNBé nDx A& Sljdzt G2 GKS adzy 2F G(KS, TNBS
and theexcess free energy between the bulk and surface of the partidii.e. formation

of the solutesolvent interfacqEquation3 [40,45] expanded td&Equationd):
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Chapter lntroduction

Yo YO YO Equation3
Tu‘ 7 oy
p L YQ 17T Equation4

where r is the radius of theucleuz g, Isthe free energychange for the phase changer

unit volume between the phase in which nucleation is occurring and the phase that is
ydzOf SEGAYy3IS YR + A& (KS &dzNFI OSpersafuated 2 y
solution[40]. The competing relationspibetween these two factor@igurel.3) shows that

as r increases, the increasingilggativen term dominates the surface term [ which
favours dissolution, and mileation becomes energetically favourald&]. Additionally, as
supersaturation increases, timeicleation barrieand rdecrease until eventually, nucleation

is spontaneou$42].

Nucleation barrier

—~ Cluster radius

Free energy, AG

- N Bis related to the bulk

» SYSNE& ;loytRe
surface energy

N
s
N
\
\
\
N
N
N
\,

Figurel.3 Change in free energy with cluster radius r

Heterogeneous nucleation iiermodynamicallymore favourable with a nucleation rate
that can be manyrders of magnitude greatehan homogeneous nucleatiof88]. When a
nucleusforms on a surface, the surfaceearof thenucleussolutioninterface must be less
than in the homogeneous casegducing thesurface termand loweringthe nucleation

energy barrier Equation3) [31,38]
The nucleation rate (Equation5), is a measure of the numbef crystalline clusters that
overcome the nucleation barrier per unit volume and unit tif48].

\

0 0QWTr
d ace’y

Equation5

In this expressionconstantA relates to the frequency of unit attachment to the nucleus
which is affected by kinetic factors, edgjffusion coefficient of the attachment undnd
solvent selection,and constant B descriles the thermodynamicfree energy barrier for
nucleation[43]. The degree of supersaturation S influences the rate of crystallisation, as a

small increase in &uses a proportionally much larger increasé[40].

1.2 Nucleation theory 7
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Theimportance ofsolventsolute interactiors, whichis not specificallyconsidered by CNT
has been demonstrated in theoretical anekperimental studies[66¢68]. Molecular
dynamics simulatios have shown thatsolvent selection influences he kinetics and
thermodynamics of molecular assembly evef@8]. A computational modelling study of
NaCl nucleatiofi66] and anin situX-ray Raman scattering{R$study of the crystallisation
of imidazole(Imid) [67] both suggest that solute desolvatiaa the ratelimiting step of
nucleation rather than diffusan. A study of twedimensionalbarite growth showed that
desolvation of the cationand the surface on which crystal growth was occurnmgre the

rate-limiting factorsfor crystal nucleatiomnd growth[68].

CNT does nohowever adequately explain observed nucleation procesggd], and over
time, computational andexperimental results have not matched CbHsed theoretical
predictions[44,45,70] The nucleation rate for the condensation of watdre system on
which CNT was basaslasfoundto beone to two orders of magnitude lowehan estimated
using CNT, despite the input parameters of CNT being known and highly addaijaie
review by Erdemir et al.[45] identified that whilg CNT correctly predicted what was
happening on a qualitative levealuring the gasliquid transition of singleeomponent

nonpolar fluids, the calculated values did not agree with the observed nucleation rates

CNT assumes that the nucleation clusters fasrspherical droplets, with the same density
and molecular arrangemerds the final crystal§45]. To assume th composition of the
nucleus would be the same as the final bulk crystal also assumes that molecule attachment
takes place in an ordered, ideal manner, with singlentical monomer growth units
attaching to the growing abter [17,45] This assumptiomioes not allow for any cluster
collisions leading to attachment, or to sections of the clusters breakin¢4bjf For salt
crystallisationthe attachment unis could alternate between individualions and ion paiis

that form in solution thereby changing the attaahment mechanismwhich is not captured

by CNT

Although smallobserveddeviationsfrom CNT may be empirically parametrised in some
situations [49], some experiments and simulatiomsve started to indicate multstage
crystallisation processesay be involved, which armo complicated even for modified

versions of CN[I71].

1.2.3 Alternatives to CNT

During the last decade, evidenpeinting towardsthe existence of crystallisation pathways
via observedmetastable intermediate phasef0], rather than through thestochastic

formation of critical nuclei, has increasgt®].

1.2 Nucleation theory 8
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Nucleation theories have been developddr pre-nucleation clustersor aggregates
[49,69,73,74] critical density cluster§r5], and amorphous precursoffg?], even if the

mechanisms for their formation and transition cannot yet be fully expla[ié¢7 6]

Multiple-step nucleation models, such as the tstep model inFigurel.4, have been
proposedto explain inconsistencies with CNsTich as significant differences in experimental
and predicted nucleation rates, and unexpected relationships between the level of
supesaturation and nucleation kinetic&r organic and inorganic smatiolecule systems,
proteins and colloid§43,45,47,77,78]

Classical crystal
(= =y
(] - (= J=— =]
== EETESTEE N
Z Cluster Crystalline

nucleus

=

Single : 2

molecule Y [/ (| | Crystal
L

& = -
(=] \ é
Density

fluctuation Liquid-like
cluster

Crystalline nucleus
inside liquid-like
cluster

Two-step nucleation process

Figurel.4 Proposed pathway for twestep nucleation, compared with the classical nucleation
pathway. Based on ref[43]

Oneproposed pathway is that highlyisordered prenucleation clustes, several hundred
nanometres in sizeformin regions of dense liqui@3,47] Crystallising unitassemble as a
crystalline nucleus inside the mesoscopic clusterpt7]. This assertion is supported by
experimental data indicating a spinodal region and step mechanism for crystahtion
in protein solutions[47], and computer smulations indicating theinitial formation of

amorphous prenucleation, from which the crystalline material willicleate[10,78]

Until recenty, the scale of detectiowf the availableexperimentaltechniqueshas been
insufficient to probe the precise morphology opre-nucleation clusters but the
development of synchrotron -Kay techniques should provide information about these
structures, inbrming nucleation theory, and revealing molecular ss$embly processes
during crystallisatiofd0,74] Molecular modelling of crystallisation, combined with machine
learning, will complement the advances in experimental technigaied accelerate our
molecularlevel understanding of crystallisatig@4,71] However, there are still significant
sources of uncertainty in the modelling procelgd]. Despite this recent progress in
crystallisation theory and molecular modellipgedictive design of crystallisation processes

to tunethe physicochemical properties of the crystalliggdductwill require a further step

1.2 Nucleation theory 9
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changein our fundamental, moleculalevel understanding of crystal nucleation and growth
[34,67]

Directin situmonitoring of a system undergoing crystallisation is necessary to probe the
structure of precrystalline phases, which are not desebby CNT34,39] The availability

of higherenergy fourth generation synchrotron sourcewovides the potential for
experimental techniques with the timend lengthscales necessary to examine nucleation
kinetics with in situ crystallisation experiment452]. Insights into the nature of the
intermolecular interactions in the prerystallisation phases may be key to unlocking this

new level of understandinf9].

It is hoped that computer simulations will be a helpful, complementary tool alongside
experimental techniques for identifying critical nucleation evefd], and ultimately

improving our understanding of the molecul@vel mechanisms of crystallisatif38].
1.2.4 Industrial-scale crystallisation

Crystallisation is usually the final stage in the synthesis of a crystallif8ARTontrol of
crystallisationand growthis necessary to produce the required crystal polymoapid to

meet the particle size, size distribution and npdrology specifications that influence the
downstream processing properties and API effjcéit,30,79] On an industrial scale,
controlling the form and stability of a crystal produttiring crystallisationis a balance
between the physical chemistry of the system (kinetics and thermodynamics) and chemical
engineering principles (residence time, agitajiorwhichinfluence the local supersaturation
[31,42]

If the product to be crystallised reaehthe crystallisationstage as a meltprogressive
freezing(fractional crystallisatiopallows the purified product to be extracted from the melt
using a surface cooled below the melting po#2]. In solution crystallisation hiere are
three methodsusedto modify the supersaturation and induce nucleatiooooling the
solution evaporating the solventandadding an antsolventto changethe solubility of the
solute in thebinary solvent [31]. The required scale of productiprlyield and product
characteristics will influence the crystallisation process toské&ctedfor a particular

product. Tte crystallisatn studyin this thesisusescooling crystallisation.

Crystallisation technology can be classified as batch or continuous produ&asoh
crystallisation processing is still prevalenttie pharmaceuticalndustry, despite higher

production costs andootential variation between batcheg480]. More precise control

1.2 Nucleationtheory 10
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systems and strategiesising process analytical téhnology (PATxould improve the

reliability and production rate of batch crystallisation product[80].

There is growing interest in continuous crystallisation processethe pharmaceutical
industry [81] to reduceoperating coss, increasethroughput, offer more straightforward
scaleup, anddecreaseattrition from agitation [30]. Specific continuous processes bring
particular benefits e.g.plug flow crystalligtion has low rates of secondary nucleatjon

leading to a smaller particle size distributif39].

For the industrial crystallisation of organic salthether batch or continuouiow, control
of the nucleation and crystal growtis key[82]. For this, ar understanding of thechanging
solute-solvent, solvensolvent and solutesolute intermolecularinteractions throughout
the crystallisation process must be develogedmprovethe performance and quality of

crystallisation unit$30].

1.3 Organic salt systems

1.3.1 Salts in solution

During the process cfalt solvation, the interaction energidsetweenthe ions in a lattice
which are dominated by electrostatic energymust be overcomefor solute-solvent
interactionsto form [1,83]. In aqueous solutions, the iedipole interaction dominates the
dissolution of a salfl]. Dissolution ofa salt may also be accompanied tigsociationinto
independent cations and anionthe extent ofwhichis defined bythe dissociation constant

andinfluenced by thesolution pH[1,84].

The energy change due to the changes in interactions is described by the enthalpy of solution

0 Kso) in Equation6:

.. ®
YO o - Equation6

whereZ= charge numberr, = ionic radius and dielectric constant of the solveHt[83].

The solubility of a salt is directly related to the dielectric constaj@3]. The greater the
value of¢, the lower the Coulombic attraction F, between opposiearged ions of
separation distance deguation?):

Q

& -0 Equation7

wheree = elementary charge ardl= the interionic separatiof83].

1.30rganic salt systems 11
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The simple diffusion modealescribesthe dissolution ofa pharmaceutical solifil]. The
concentration of thediffusion layerat the solid;liquid interfacedecreases frona saturated
solution g, adjacent to the solido the concentration of the bulke,cat a distance h, from the

solute Figurel.5).

—C=¢,
stagnant
diffusion =G
solid | layer bulk
x=0 x=h

Figurel.5 Schematic of the dfusion layer model

The ability of the molecules wWiffusethrough this film intothe bulk solution is the limiting

FILOG2N) F2NJ RA&az2t dzi A 2 firdlaw(assuninghoyeadiic® beRv8en ONA 6 S |

the solute and solvent
Qa ©O

it it ,O it [y - I
seno 0P @ v Qul Equation8
where J ighe mass of materiain, passing through the boundary layer, per unit titeer
unit surface ared\ (the flux).Dis the diffusion coefficient of thsolute andhis the boundary

layer thickness.

Establishing the solubility of a salt can bengidicated. The saltokm of an API will have
different chemical and physical properties from the neutral parent compound and from
other salt forms, as counterion selection influenee salt solubility [1]. Although
computational models have been developed to calculate solubility, they are not yet able to

simulate systems containing ioffs85].
1.1.1.1 lons in solution

lons in aqueous solution are of interdstfields as diverseasgedogy [86], the biological
environments of DNAand proteins [87,88] biologicalion channel propertied89] and
electrochemistry{90]. The study of ions in biological systems is important, as concentrated
aqueous salt solutions cause the saltingand saltingout of proteins and other
biomolecules, and affect enzyme activj88,91¢95]. Studying the structure of the solvent

in solutions is useful, esgially in aqueous systems, as changes to the structure of bulk water

may provide information about the mechanisms driving biological proc§96és
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lon-specific effects on protein structures and protdaiding are attributedto a number of

LR GSYdGAlFf FI OG2 NBINtrudti¢eSandhitd gbiliy to deRofvadd tal inteaft & K
with the proteins; interactions between proteins and ligands, which occur despite the
electrostatic forces present; the propensity of the cation to bind to its couatéon; and

the interaction of theilons with the water molecules, which may in turn affect the hydrogen
bonding network of watef91,92,97] The addition of charged solkes to water can have an
electrostrictive effecbn the wateraroundthe ion[98], the extent of whictdependson the

A2y Qa OKI NBS x hyktiorSand hitdiioplddix jprope d8¢89], anglis proposed

as the first step in protein foldingd 00].

In the literature, there is limited information on the study of aqueous organic salt solutions
for the purpose of crystallisation. However, ions in aqueous solutionsnatomic ions in
particularr play a crucial role in biological systems and have beenuhgst of extensive
research88,101¢103]. Despite this, the intermolecular interactions of water and ions with
biomolecules, which could affect protein stability and ion transportation, are not well

understood[101].

Over time, experimental data and computational modelling to demonsttag ions
disruptg | (i S NXeage fiy@rofy@bonded networks has been contradictd87,104,105]
Indeed, some evidence points towards only local disruptiotheffirst hydration shell by
monovalent iong88,106,107] whereas the effect of divalent ions on coordination shells
mightbe different[105].

The Hofmeister series empirically orders cations antns by the extent to which they

cause proteins to satbut [94]. The ion specificity principles of the Hofmeister series have

also been applied in other fields such as polymer science, colloidshandrdering of
YSOFIfb2NHI YAO T N108.SbedoNd irtthe Hofmeistarisatiis ar glassified

4 GadNHzOGdzZNBE YI { SNE¢0MBREAYRANRPAISRID2 @ NR 1% & N
strengthening of or disruption to the water structure beyond the first hydration shell

[102,104]

Studying the specific ion effects of a single ionic species, such as its influence on the local
solvent structure or apparent solvent density, is incomplete without also considering the
effect of the counterionanthea 2 f dziA 2y O2y OSY UGN} GA2Yy 3 HKAOK
as structure maker or breakefl05]. The electrostatic forces that dominate in low
concentration solutions are increasingly screened at higher concentrafi@8, where

most water molecules will be hydrating the idid€9].
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The concentration of a salt in solution affects @rgstallisationproperties of the solution.
If the concentration is near the solubility limit, there is insufficient solvent available to fully
solvate the ions. A higyhconcertrated salt solution is said to be more visc§1@5,110] The
effect on crystallisation from a concentrated salt solution is that the higher visdositg
the diffusion of particles to the surface of the crystal nucleus, witctld affect the

LJ- NJi ability t6 éoectly orientateand be incorporated int the crystal structure
1.1.1.2 lon pairing

In the early 26 century, it was observed that some organic salt solutions did not have the
conductive properties that would be expected if the solute had fully dissolved and
dissociated in solutiof84]. It was proposed that partial ionic dissociation was occurring, and
the nondissociating salt molecules remained as an ion [8i}. The formation of ion pairs
occurs when oppositely charged ions in solution associate, likely due tordoge
electrostatic forced111]. The attractiveelectrostatic forcesbetween oppositelycharged
ions must overcome the ion separation duethermal energy in the systenallowingthe

free ionsto interact and form a neutralspecie110]. The ion pairing lifetim¢< 10° s) is

greater than would be expected if diffusion alone were consid¢gdql
The Bjerrum theory of ion pairing suggests tha ipairing is greatest whed11]:

1 Concentration is high: insufficient solvent moleatkeform solvation shells around
the ions

1 Both bns are smalhnd oppositely chargedvith strong reciprocal attraotin, water
molecules in the water spheres around the ions are expé¢lled].

1 Temperature is lowinsufficientthermal energy in the system to break the ion pair
apart[110].

1 Solvent permittivity (dielectric constant) is lojt10]. lon pairing is lowst in
agueous electrolyte solutia) increasng in organic solvents with low dielectric

constants.

Formonovalent ion pairs to be unambiguously present, a solvent of relative permittivity <
30 is required, but if either ion has a charge greater than 1, ion pairing can occur in any
solvent[111]. The phenomenon of charge shielding or masking to the close proximity

of an bn pair can result ilhehaviour unexpected for aionic speciessuch agn increased
solubility in apolar solvenfd12]. As such, it is suggested that ion pairing may explain some
unpredicted observation®f electrolyte systems, e.g. unexpected vibrational resonances
[111]).
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A range of spectroscopic techniguasd molecularmodelling e.g. moleculardynamics
(MD), have been used to study iemater interactions and water seifiteractions in the
presence of iong113]. Far-infrared (TH2 absorption spectroscopy X-ray absorption
spectrosopy and MD indicated that even at relatively lovphfysiologicallyrelevani
concentrations ion pairing occurs in, and affects the functionality of, some biological
systemq113].

Amulti-stage proces®or the formation of arion pairis proposedRigurel.6) [111]. lon pairs
transition from solventseparated ion pairsSSIP)o solventshared ion pairs§SIP) then

onto form contact ion pairs@IP)111].

a) b) C)

Figurel.6 Types of ion pairs

a) solventseparated ion pair (SS|P) solventshared ion pair (SShiéyd c) contacton

pair (CIP). Based ¢h11].
Although often occurring between oppositetharged ions, it is also suggested that liked
charged ion pairings possible Contact CGIClion pairs are found in solid crystal structures
[114], where their strong polarisation effect on their local environment can exceed their
repulsion[115]. The ability of theorotein arginine to penetrate across cellular membranes
is said to be due at least in part to the likkarge ion pairing of its Gdrside chaing93],

which are stabilisé in solution[115].

New corelevel Xray spectroscopy technigues are being used to explore the dynamics of
nucleatbn, such as measuring the local structure of-pugleation clusters in solution¥he
application of higkenergy Xray total scattering diffraction techniques combinedvith
computational modelling, where the model can be validated with experimedtdh
(Section2.5.4), couldalsoreveal more information about the extent of ion pairing and pre

nucleation aggregation.
1.3.2 Intermolecular interactions

Atoms, molecules, or ionare considered to be bonded when they are brought together in
a way that can be detected experimentally or computationdly6]. Closé-shell atoms and
molecules may interact weakly, due to dispersio’Van der Waals interactions, or strongly

because of a chemical bond with a high stabilisation en¢tdy] Between these two
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extremes, there are many types of interactiowgth sometimes complex origirisvolving

multiple energy term$117].

In a crystalline solid, the constituent atoms, ions or molecules are arranged in a fixed, rigid
pattern, forming a twe or three-dimensional latticd40]. These lattices exhibit lorginge
order, meaning there is an internal regular pattern, with defined crystal fajgétp The
regularity of the structure results in anisotropic crystalgh directionallydependent
physical, mechanical and optical properti§40,42]that influence the processability of the

crystal

Aakerdy described crystala G NHzOG dzZNB & Wi adzoifS okt yOS
O2 @I t Sy [118]F ahdNIDeSsarte can be said of a solution structure, although the
dynanic nature of a solution means that the contributions of each will change over time.
Characterising the solution structuseill facilitate the development of a physicochemical
understandingof crystallisation by revealing the relative importance of the iatgions

within the crystallising phagd 19]. Theevolving molecular interactions and thermal effects

in a crystallising solution influence the eventual crystal propeffi€%

In a liquid orsolution, molecules experience a combinationMain der Waals, hydrogen
bonding -~ and Coulombidnteractions [10]. Interactions can broadly be defined as
intramolecular interactions, e.g. covalent, ionic, or metallic bonds, or weaker,

intermolecular interactios (Van der Waals interactions).

Van der Waals interactions amaused bythe permanent or inducedlistortion of the
electron density of one atom due to proximity of anotfdlectron densityf117], including
dipole-dipole, dipoleinduced dipole and induced dipcladuced dipolgLondon dispersion
forceg [1]. AsLondon dispersion forceare due to instantaneous dipole fluctuatiofik0],
theytend to be weak, shoftange and temporaryDipoledipole interactions of which the
hydrogen bond is an example, can occur between molecules, or between functional groups

on the same molecule.

IUPAC defines hydrogen bonds as interactions occurring between a strongly electronegative
atom with a lone pair of electrons, andhgdrogen atomthat is covalentlybonded to a
second relatively electronegative atdi2il]. However, experimental and theoretical studies
have showrthat hydrogen bonds are not purely electrostatic interactifti®l], as theynay

have electrostatic, polarisatiovan der Waals and covalent characterisfits6]. Hydrogen

bonds aredirectional interactions[1] and have a large influence orthe structure and

2 With the exception obptically isotropic cubic systesn

1.30rgaric salt systems 16



Chapter lntroduction

propertiesof materialssuch asonic liquid4116,122,123hndbiological moleculef28], e.g.
protein structureg124¢127].

Many properties of water, e.g. unusually high melting and boiling p@intl ahigh dielectric
constant, are du¢o 2 E & Jt@g/l@hdelectronpairs making water highly polar and giving

it its defining tetrahedral structurgl24)]. There is aimilar mechanisnfor othercompounds

with a hydroxyl group, e.@lcohols, sugars, and organic acids (and thus DNA and proteins)
[128].

The strength of hydrogen bonds s depending on the participating elements, ranging
from being similar in energy tdan der Waals interactions to stronger than a covalent bond
[116]. Weak hydrogn bonds (37 kcal maol) play a role in DNA base pairing and the
stabilisation of biomolecules, such as proteins and peptig@s.29] It is chimed that some
hydrogen bonds in solution have energies up to 20 kcaf*!mahd understanding the
intermolecular mechanism behind thes#eractions is of intered28,129] Hydrogen bonds
also form between salt ions and solvent in solutidm.this work, hydrogen bonds are

considered to act over a range up to 2.5 A.

In the crystallisation of smafirganicY 2 £ S O dgtaciaghs an importantt@active force

in addition to hydrogen bondinfll30]® -stacking is more likely in molecules where there

are electronwithdrawing and electrordonating groupstypically heterocyclic aromatic
NAYy3ad ¢ KNBES LINRY OA isadkingh&ve bééh idaidtifiSc with FarallelN2 Y |-
stacking molecule separation in the region of thien der Waals separatio(8.33.8 A)

(Figurel.7). In the case of penyl ringsthe T-shaped geometry withthé b 1 1 i i = Ay (i SNI
was identified to be more stable thanstacking130]. Solvent polarity can affect the extent

2F - A0 Ol Ay 3z aliad OQMiya2 v F ni[X] Gvheke2Xy&h, @ of IR |j dzA R/
was reported for norpolar solvents at the expense of anioation ion pairing[131],

whereas in propionitrile, londjved anion-cation pairs formed131].

<oy > >
3.3—3.8A— (\
T <> |

stacked offset \/
Ti-T stacking T-shaped herringbone
Figurel.7 Geometries of aromatic interactions:-~ I y R K S N3Wwapgd3mckigg3notifs

of phenyl rings, based on ref130]

3 C2mim:1-alky+3-methylimidazolium cation (n = carbon chain length)
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The electrostatic(or Coulombic)contribution includes interactions between permanent
charges and multipoles, e.g. dipad@ole interactions and may be attractive or repulsive
[117]. It is the primary contributor to the lattice energy of an ionic compoUid8l]. Eventhe
bonding of highlycharged ions will have some covalent nature to it, miag that electron

density will be shared to an extent between the i¢883].

Although the Coulombic interaction is strong and lgagged, solvent shieldgwill reduce
the distance over which the electrostatic force will operddeie to the attraction between
oppositelycharged ions, it is likely that anions will be located close to cations, and vice versa,
in solution [132]. A saltsolution will be neutral overallput there will be local charge

fluctuations, as multiple counterions surround a central, oppositéigirged ior{132].
1.3.3 Systems to be investigated

1.1.1.3 Imidazole hydrochloride

Imidisan organic heterocyclic compound with high solubility in polar solv@ghtsirel.8a).

The lone pair of electrons on Nfik, = 14.9[133)0 O2y (iNA o6 dzi S&a G2 ,0iKS
while the lone pairon N3 (pk. = 7.0[133)) fills the hybridsed sg orbital [134]. Imid and Imid
derivativesplay an important role in biological systems and are present in many natural and
synthetic drug moleculefd 35]. Imid is a component of puring.36], and & a sidechain of
histidine, Imid plays an important part @nzyme catalysi 37]. Imid actsas a proton relay

due to its ability to form hydrogen bonds with water via ttveo N moieties[136¢139] A
study of histidine residue identified that physiological pHwhere the protonation state of
Imid is flexibledimers of Imid and itprotonated formimidazolium (ImidH", Figurel.8b)

form proton relay pathway$140]. The tuneablephotophysical and electrical properties$

Imid derivatives are also of interest for electronic applications, includimggroc light
emitting diodes (OLEDf)41].

2 2
1
1HN©N3 HN@NH3
A 5 4 b) 5 4

Figurel.8 Molecular structures of (a) imidazole & (b) imidazoliuginternational Union of Pure
and Applied ChemistrylUPAChumbering

lonic liquids (IL), the class of salts comprising an organic cation and an organic or inorganic
counterion with a melting point below 100{C42¢144), are commonly composed of ar N

based heterocyclic cation, e.g. Imior pyridinebased cationg145], with variolts anions.
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The properties of IL are tuned by the ionic composifib#b,146]or the alkyl chain length
onthecation147]® L[ KI @S 06S02YS LP4gpeihghighithermdiy NS Sy Q
stable, nonvolatile and nonflammable. Imidazoliunbased ILs are increasingly being used

as environmentally more benign reaction media, replacing volatile molecular so[ddi®s

150}, for biomass hydrolys[151]and drug delivery152].

The structures of IL and the existence of catmon ion pairing in IL solutions have been
analysed using i{tompatible techniques i as neutron diffraction with isotopic
substitution (NDIS{L47,153] infrared (R spectroscopy146], nuclear magnetic resonance
(NMR)[146,154,155hnd molecular modellinfl56¢158]. The formation of supramolecular
aggregates of IL mateles is due to hydrogelnonding between the molecules. When
diluted in lowpolar solvent, contact ions pairs have been shown to be the dominant species,

with solventseparated ion pairs appearing in high polar solvéhf].

In this study, aqueous solutis of Imid and imidazole hydrochloride (ImidH&ig their
solidphases are analysed by co#evel Xray spectroscopic techniques to compare their

electronic structuresThe speciation diagram for Imid isRigurel.9.
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Figurel.9 Speciation diagram foimidazolein water

The relative concentrations of protonatelléckline) andneutral (red line) Imid are
shown.

With a melting point of 158161°C (sourceSigma Aldrich MSDS), ImidHCI is not an IL per se,

but this study of the dissolved cation may be pertinent to IL research.

Imid in solution has previously been characterised by: eelye Xray absorption fine
structure (NEXAFS) to quantify changes in the unoccupied density of states of Imid with
changing solution concentratiofil59], which found that Imid selissociates at low
concentration (0.5 M); and NEXAFS detected by KRB during ain situ cooling
crystallisation[67], which showed that average Imid solvatiahell structure stayed

constant through the MSZ until the point of crystallisation.
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Liquidjet Xray Photoelectron Spectroscopy (XPS) characterised and contrasted Imid and
ImidH" in aqueous solutiorfinding pseudoequivalence of the N colevel binding energies

(Es) in ImidH [160]. A combined Xay Emission Spectroscopy (XES)/Resonant Inelastic X
Scattering (RIXS) stud$61] indicated a lnited influence of solutesolvent hydrogen

bonding on the electronic environment of the compourjdi§1].

In this work, a novel, combined neambient pressure (NAPXPSNEXAFRSRS approach is
applied to obtain C and N-édge finestructure spectraand explore the unoccupiegiensity

of statesof ImidH".
1.1.1.4 Guanidine hydrochloride

Guanidine (Gu), and its protonated form guanidinium, Gdire of chemical and biological

interest[162,163] The speciation diagram for guanidine igigurel.10.

1.0 T T T T T

1
Guanidine

0.8 4

o.s- ),sz *
04- HN7 “NH,

0.2

Mole fraction

0.0 T T T T T T
0 2 4 6 8 10 12 14

pH

Figurel.10 Speciation diagram foguanidinein water

The relative concentrations of protonategidm’ (blackline) andneutral Gu(red line) are
shown

Gu derivatives are used in the production of melamine pla§ti68], and explosivefl64],

and research into the development of drugs with a Gu core for diverse applications is
ongoing[165]. Gdm' is found as a fragment @ide chain of larger biological molecules, for
example arginine, creatine anglyrimidine bases of DNA63,166] Gdm* salts are often

used in biomolecular research to study ion specific efff3d$

Gu is a stronger organic base than most other amines<(l8.6 [167]. It readily accepts a
proton to form Gdnm' (C(NH)s"), as it can readily delocalise the charge over the thide
groups Figurel1.11) [162]. The efficient charge distribution across the plan&dm’ ion
provides electrostatic stability, with the highbpsitive C centre attached to highhegative

N moieties with their highkpositive H atomg162]. This stability enable&dm’ to form
hydrogen bonds with water via the amino groupsHN-O) in the plane of the molecule, but

not via the central C atom (C--H)[168].
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“NH, NH. NH,
- = -
+ +
HoN NH, H,N NH, HoN NH,

Figurel.11 Guanidiniumstructure schematicwith its three resonance structures

In Gdnt, each equivalent-@l bond takes on a double bond character due to the delocalised

orbital NSadzE GAy3 Ay GKS W, [LeRRSEkcandistent fiddYSCE)F (G KS
calculations indicate that the rotation of th@b NBadzZ Ga Ay | St {1 SYyAy:
increases the bond length of the rotatinblH group [162]. As a consequence, the td

lengths of the other @\ bonds decrease, which strengthens the bonds and increases the
energy barrier for the rotation of a second or thirdlH group [162], thus minimising

rotation of the-NH groups[169].

1.3.3.1.1 GuHCEK crystal structure

A search of the Cambridge Structural Database (CSD) revealed three deposited crystal
structures of GUHCI(GANID([170], GANIDCOZ171], GANIDC0Z172]), although the
crystallographic information file for GANIDIZO] is incomplete forXray pair distribution
function (XPDJranalysis, so it will not be included furthétll are space gup Pbca (61and
the structuresof GANIDC0J171] and GANIDCORL72] are shown inFigurel1.12. The
calculatel powde X-ray diffraction PXRD) patterns of théwo completestructuresfrom

Mercury[173]indicate a single polymorphic for(App. Figurel).

1.3.3.1.2 Solvation ofGdnt ions

GuHCI has long been known to be a protein denaturant, especially at concentrations above
5 M[93,174,175] One proposed mechanism is that the faces of@uken ion associate with
the hydrophobic surfaces on the protein at the same time as forminglane hydrogen
bonds with water and polar functional groups on the protgii,176] Gdm' can inhibit salt

bridging in protein structures, affecting the stabildf/protein folding[98,174]

The denaturing capacity @dm’ depends on the counteriofl68,177] It is suggested that
GuHCl is a strondenaturant owing to the absence of-plane hydrogen bondingf Ctto
GdnT, indicating weak ion pairinfll68]. Proteins are stabilised by guanidinium sulphate
(GuzSQ) because of the strong interactions between the sulphates{p®ns and water
[177]. It was previously pragsed that SE forms two linear hydrogen bonds with ti&dnt
ions, creating nanoscale aggregates and preventing predeim’ interactions [178],

although there is debate about the strength of experimental data supporting this hypothesis
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[177]. It has been calculated th&dnt does not cause electrostriction, which may further
highlight the importance of the counterion in the denaturant propertiesGdnt salt
solutions[98]. It is worth noting that some of the experimental and theoretical analysis
techniques discussed in the literature do not consider the stabil{gingtherwise) effect of

the counterionin solution.

4 4

A o

-

GANIDCOGCl=3.57 A
N ©

7

GANIDCOZCl=3.73 A

N

Figurel.12 Solid structures of GUHCI, deposited in the CCGENIDCO0]171](top), GANIDC02
[172] (bottom), as depicted in Mercury

The solvation olGdmT Kl & 0SSy RS&AONAOGSR | & ViboR ShelRIF £ Q ¢
around Gdnt is anisotropic[97,168] Water molecules interact around the plane of the

molecule via theNH: groups, but there is little intei@ion with the faces o6dm'[97,168]

Several studies indicate that Gdions have little effect on the structure of bulk water, as

they are weakly hydrad and do not compete effectively with water molecules for hydrogen
bonds[91,92,179,18Q]

A combined MD/NDIS study identified 4.5 hydrodmmded waters in the plane of the
Gdn*, with ~5 more in a diffuse cloud above and below the C af@nj. Two infrared
photodissociation (IRPD) spectroscopic studies indicatettigastructure of the hydration
shell of Gdmchanges with number of water molecules in its local environnj@?181] Up

to three water molecules form two hydrogen bonds with tidH groups, with each water
molecule stretching between two amine group82]. The addition of further water
molecules (n =4 or 5) resulted in the formation of a second hydratiell, rather than there
being interaction between water molecules and the central Gpéemental and
computational limitations prevented the identification of explicit hydrated structures

beyond thig [92]. Molecular orbital analysis was in agreement, finding insufficient orbital
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density around the C for hydrogdsonding with watef{92]. The second IRPD study, which
was more representative of interactions@tim’in bulk water clustered gaseousdntwith
up to 100 water moleculepl81]. It was more energetically favourable for the inner shell
water molecules to accept only single, linear hydrogen bonds witlGithe (NH:---OH) to

optimise the number of watewater hydrogen bondg K S NB [181]. X vy

1.3.3.1.3 Likecharge ion pairingf GdnT

Understanding the likeharge ion pairing of Gdhin solution could have an impact on the
development of therapeutic molecules that can be delivered directly into [28ls There
are extensive computational studies tordfirm that GdnT, as solvatedons and as a protein
side-chain, stack in either parallel amffset formation, form TFshaped dimer structures
(Figurel.7), or form solvetshared ion pair¢Figurel.6) [93,175,182,183]

As close interaction of two likeharged ions in the gas phase results in a very high repulsion
energy (> 100 kJ/mp the idea of likecharge ion pairing in aqueous solutions seems
counterintuitive [93]. However, computational studies @dm’ ions in aqueous solution

indicate that the high dielectric constant of water attenuates the effect of the ionic charges

in solution[91,93,181,182,184p ¢ KA a | (G Sydzr A2y Syl ofSa woOl

the like-charge ion pairing through quadrupetpiadrupole and dispersion interactions.

In solutions containing ionic moieties, the electrostatic energy is the principal contributor to

the solvation free energy, along with cavitation and dispers&pulsion componentfl85].

In the polarisable continuum model (PCMpproach, there is @olvent exclusion effect,

whereby the solvent dielectric is excluded from a volume (cavity) around the solute
Y2t SOdzZ S IyR GKS St SOGNRAadGlIGAO FNBS SySNB@
distribution and the dielectric mediurfi85]. It is the overlapping of these cavities upon ion
complexation that can lead to stabilisation of dim¢i85,186] In an explicitly solvated

model, dimer stabilisation was attributed to the hydrogkeanding between the Gdhion

andthe surrounding water molecules, aritbtween water moleculesaroundthe adjacent
Gdm’ions[186].

Quantum chemical (QC) and MD modelling suggests @dt ion pairs are (weakly)
thermodynamically stable in water, including as sith@ins of larger molecul¢81,93,186]
Water stabilises the electrostatic repulsion, and whilsttable dimer was achieved with a
cluster of three water molecules, a 4@olecule water cluster provided maximum stability
with a GC atomic separation of 3.37[81]. The addition of further water molecules in the

second solvation shell had a negligible effect on staljfity.
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When investigating the pairing @&ddm" as an amino acid sidehain using M091], five
different Gdnt force fields were tested to see how they influenced the ion separation of
contact ion pairs (CIP) and solvesfitared ion pairs (SShIP). Two of the force fielesulted

in CIP separations of r = 4 A and SShIP at f97].ANo CIP was found in the simulations
with the other three potential parametefs which had @ separations at around r = 12 A
according to the radial distribution functiorRDF) peak91]. However, further analysis
showed that it was the parantesation of the backbone dihedral angle that affected the
Gdm’ pairing interactions, rather than the force field applied to t&nT ions, and
concluded thatGdm' ions in water interacted if they were not sterically prevented from
doing s0[91].

MD analysis of 2, 4 and 6 M GuHCI aqueous GuHCI solutions showed signifecesityiai

r = 3.85 Ajindicating GdmGdnt CIP[182]. The intensity decreased with increasing
concentration (although this does not relate directly to coordination number Copovahich
was not given, as CoordN is a densigighted integration of the area under the pegk32].
Conversely, the peak at ~7.7 A indicat®8hIP increased in intensity wvitoncentration
[182]. In this analysis, ther@as no mention of the -Type dimers that were identified iab
initio modelling[183], although the shoulder in the-C RDF at ~4.5 A could indicate their
presence in the higer (4 & 6 M) concentrationd.82].

Experimental observations of the liketharged complexes in real solution conditions have

been limited to NDIS combined with MB7], and cryeion mobility mass spectrometry

[187) ThecryeA 2y Y2o0Af AGebYlaa ALISOGNRYSONE addze
the solvation shell around Gdmwith reducing numbers of water molecules in the cluster

[187]. The stabilisation of the paralletacked GdmGdnt ions pairs by water bridging was
explored[187]. The arrivatime distribution vs mass/charge analysis indicated a significant
change in the hydration shell structure between n = 6 arjd8]. The orientation of the

hydration shell changed from a donrtige hemispherical structure (n > 9) to a planar
structure, with interstitial hydrogen bondingn ithe Gdmi plane occurring only when the

clusterwas sufficiently dehydratefll 87].

The likecharge ion paing behaviour ofGdm™ has been compared with other cations in
solution.Ab initioMD (AIMD)calculations compared an explicityydratedGdnt dimer to a
set of control simulations (a hydrated Mtdimer)[93,179] It was found that the dominant

attractive interactionbetween Gdnt ions (Van der Waals was not present in the NH

4 nonpolarizable parm99 and polarizable pol-parm99
5 honpolarizable parm99SB, parm03 and parm10
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simulations, where no contact likeharge ion pairs formef®3,179] Although there is a risk
that ion pairs may form in simulations as a result of artefacts of the apfiiree fields,ab
initio and empirical approaches in the literature give risestadence ofion pair stacking
[183].

Applying a PCM to represent the water solvent around-idcepairs Gdnt, NH*, N& and
NQy) with a separation of 3.32 A showed that ti@dnt pair was the only pair with an
attractive potential in water (free energy of associatieB.1 kcal/mol) [186]. The
geometricallysimilar N@ ion had a lower repulsion energy than the more spherical ions
(2.3 kcal/mol, compared to 7.4 and 5.6 kcal/md36]. MD modeling of GdnT as a side
chain in diarginine identified intermolecular interactions above and below®@um group,

whilstwater moleculesand Clions were positioned around the plane GHinT[186].

Guanidine hydrochloride (GuHCI) has a relatively simple structure, and interesting
thermodynamic® and cationpairing behaviour in solutiof®1,93,168,186,188As GuHClas
previously been studiin a combine neutron diffraction / MD analysi®7], it was selected

as a suitable organic salt rdidate for the Xray total scattering and computational

modelling analysis in this work.

1.4 Liquid and solution system characterigah

1.4.1 Experimental Xray techniques

Structural correlations in amorphous materials, including liquids or solutions, exist over the
short- to mediumrange (< 15 A). Until recentlgrobing a transforming system tacquire
molecularlevel information about the pr@&ucleationor intermediate phases that might
exist,and deriingthe intermolecular interactions at plahas beerdimited by the time and
length-scales of theexperimentaltechniquesavailable[46,52,189] A suite of experimental
methods, often applied in conjunction with computational modelling, are now available to

probe the structure of solutiong 90].

Temperatureinduced phase changes in a crystalline solid withd@mge, periodic structure
can bederivedfrom in situX-ray diffraction(XRD[191], but the technique cannot be applied

to liquid or solution systems thatnly display local structurdn situmonitoring techniques

6 Unlike some other saltshe activity and osmotic coefficients of aqueosslutions of Gdrh
salts decrease with increasing concentration across the whole concentration range rather

than plateauing before the maximum concentration is achiej&d].
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have been develomk to identify precrystallisation aggregation and growth stages for a
range of material types including pharmaceuticals, e.g. a combined nonlinear
optical/microscopy techniqud44], but spatial resolution was limited thus individual

molecular interactions were not identified.

The main experimental techniques that have bemsed in this thesis to probe the solutions
of interest and provide some insight into the electronic and molecular structure of liquids
and solutiondall into two categoriesX-ray spectroscopy and-kKay scatteringan overview

of which is given herelhetechniques that have been used in this study are detdikether

in Chapter 2
1.4.1.1 Spectroscopic techniques

Spectroscopic techniques characterise materials by measuring the energy that is absorbed

or scattered by the probed material, as a function of wavelength (en¢t§g).

Laboratorybased spectroscopic techniques used to probe liquid and solution structures
include IR, Ramamltraviolet/visible (JV/vig, NMRand X-ray photoelectronspectroscopy
(XPS).

Moleculesstore energy in translational, vibrational and rotational modes, and the energy
required for the molecules to transition between these energy states can be used to infer
information about their structure[132,193. The intensity of the spectra will change

according to adjacent atoms or the chemical environm{é8t].

IR detects the energies at which less light is transmitted through the sample, and has
therefore been absorbed by the vibrational modes of molecular bondscajly in the
region 1005000 cm' [195]. Opticalresonant Raman spectroscopy is a ligitattering
techniques that characterises molecular vibrational (phonon) and rotational modes, and
electronic excitations in the meVange [196]. THz dielectric relaxation (THMR) and
polarisation-resolved fentosecond infrared (#R) pumgprobe spectroscopias also been

used to study the dynamics of the solvent in a solufit80].

NMR, which detects the resonant frequeratywhichthe nuclei in a sample respond to an
applied magnetic field197], has been used to study praicleation aggregationn
crystallising solution$198], andin situ NMR has been developed to track sohsi@ute
interactions during crystallisation from soluti¢f98,199] Information about the chaging
nature and relative probabilitiesf different solventsolvent and solutesolvent interactions
has also been detected usiimgsituNMR, providing limited information about the solution

structure before and during crystallisati@@00]. Although NMR is used to probe local atomic
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arrangement, it does not provide atom structural information simultaneously and

interatomic spacing is only yielded over a small rangé @&)[201].

Corelevel XPS provides information on the local elecit structure and the bonding of the
probed elemen{159], and as such, hdmeen used to distinguish salts from-coystals in the

solid state[202,203] Until recently, XPS of solution systems has only been possible using
liquid-jet systemq160,204] However, the development of neambient pressure XPS has

allowed the measurement of solath samples, as has been useimapter 3

Over the lasdecade,synchrotrorbasedX-ray corelevel spectroscopies have emerged as
sensitive probes of thehemical state and local structure around molecular solutes and
solvent molecules in solutioj67,159,160,205,206)-ray absorption fine structure (XAFS)
comprises NEXAFS and extendadyabsorption fine stricture (EXAFS). The section of the
spectrum close to the absorption edge is the NEXAFS spectrum, whereas the EXAFS region
can be 560100 eV above the edge. Like NMR, the structural information derived from EXAFS
is only over a shontange[201].
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Figurel.13 Example NEXAFS spectrum: @dge forawater samplemeasuredin Kapton

The typical regions used in NEXAFS and & 5A&lysis are identified, along with the pre
edge, edge and posidge regions

NEXAFS is particularly effective for molecules with containingZlowolecule§207], such

as drug molecules. As NEXAFS probes the unoccupied valence orbitals, the technique is
KAIKfe &aSyairidiagsS G2 OKIFy3aSa (G2 |y Fi2YQa
protonation [67,159] Its use to investigatpharmaceutical molecules in the solid state is

relatively recent, and the gty of solutions even more so.

X-ray Raman scattering (XRS)pdeown as norresonant inelastic<ray scattering (NIXS),
is a hard Xay technique that also probes the unoccupigensity of states of atomic species
to generate spectra that are proportional to NEXAHEB]. XRS has negligible salisorption

effects and so produces a more reliable sjpem than can be achieved using softay

1.4Liquid and solution system characterisation 27



Chapter lntroduction

techniqueqd209], and as a bulk sensitive technique, it is more useful for studying the solution
structure than XAR10]. XRS is used to look at samples that arectwoplexto study under
vacuum using soft-Kays due to the high absorbance of the sample window or ambient
environment,or the high vapour pressure of the sample, and is ideal to measusitu

crystallising solution sampl¢811].

Like XAS, XRS is sensitive to hydrogen bonds, and as the time scale of the excitation and
scattering processs orders of magnitude shorter thamydrogen bonddynamics, it is a
suitable method to study the structure of liquidater [210,212;214] NEXAFS spectra
provide a direct probe of the molecular electronic structure, which is influencedelpttal
structure around the water moleculef215]. XRS was found to be sensitive to the
interactions between acetonitrile and water, which was validated by density furaition

theory (DFT) calculatiorj216].

The effect o ions on water structure has relevance in many chemical and biological
processs[217]. There arecompeting ideas on how ion hydration enhasoe breals down

the structureand properties 6the bulk water[215]. A study of the O Hdge spectréor
aqueous solutions of sulphuric acidentified that increasing the concentration of ions
increased the number of donated hydrogen bonds per water molef248]. It was also
noted that XRS presents the opportunity to usekscattering geometry to study nedipole
transitions, which can give additional information on the local structure and sensitivity to

speciation218219].

Anin situtime-resolved XRS study of the sedithte dimerisation of cinnamic acid, combined
with direct tomography to show the bond breaking and formation during the reaction

process, captured the dimerisation and subsequent disintegratidheoproduct[220].

Beam damage of liguighase samples can be reduce by agitating or circulating the sample
in the beam[218,221,222] For thein situcooling crystallisation study dfmid [67], a flow

cell was designed to minimise beam damage and allow temperaiomérolled cooling of

the solution The insignificant change in spectral features throughNt&7indicated that
desolvation is theate-determining step in crystallisation and provided no evidence for the
existence of prenucleation cluster$67]. The role of hydrogen bonding in the solvation of
Imid in solution derived from the N-Bdge spectrd67] was supportedn a later neutron
diffraction study[67,223]

The seHlassociation of Imid has been studiextensively in the literatureSynchrotron Xray
techniques have been used to understand the effect of solution concentritkijand the

solvent type [224] on the electronic andchemical environment ofmid (XAS) and to
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investigate the evolution of the structure of an agueolmsid solution during cooling
crystallisaton (XRYp7]. The study irChapter Zontrasting the XR8erived N and C-Edge
spectra of Imid andmidH complements and extends previous studies undertaken by the
group[67,159,223] and includes the application of DFT calculations and X2%to support
XRS data analysis.

1.4.1.2 Diffraction techniques

Diffraction techniquesneasurethe scattering of the indent quanta (Xays, neutrons or
electrons), which is processed tafer structural information about a materig25]. The

wavelength of the incident probe limits thresolutionof the measurements.

Energy dispersive -bay diffraction (EDXRD) uses anergydiscriminating detector to
measure theBragg reflection of diffracted polychromatic (white) synchrotron lighi226].
EDXRD is a suitable technigue for ithhaitumonitoring of crystal formation, but it does not
provide information on solution structurft6]. To fully understand phase transforni
mechanisms during crystallisation, molecdlavel local structure dateollected in reatime
arerequired[227] and can be achieved with-rdy total scattering, which will also capture
diffuse scattering to provide information about local structures when used in combination

with XPDF analysis (Secti®®.4).

Xray diffraction methods are not sensitive to the position of hydrogen, with its single
electron localised away from the nucleus, and the signal is dominated by scattering of
heavier atons. However, computational analysis of the data allows the hydrogen atom
positions to be inferred. Tracking structural changes duriimg situ crystallisation
experiments requires thaigh signato-noise ratio[186] of a synchrotron source and often

a relaively complex sample environment, which can be accommodated at many
synchrotron beamlines [186]. For structural analysis, -bdys require a wavelength
comparable to atomic separation, which is feasible using synchrotron KédF provides
time-averaged iformation of the probed system, so faster acquisition times will make the

technique increasingly suitable for phase change analysis.

NDISs a powerful tool for the detection of hydrogen, and is useful for understanding the
structure of a liquid or solutio in equilibrium[100,147,153,223,228230], but the time

scale of the data collection is insufficient fior situ crystallisation analysis. The use of
neutron scattering as a probe for organic and biological materials has been limited by the

low flux and long data acquisition timga31].
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The structure ofvater has been explored with neutron diffractiamd Xray total scattering
studies, combined with pair distribution function (PDF) ana[28i8;237]. XPDF analysis has
been used to probe liquids, and organic solutes and nanoparticles in so[@88g242].
NDIS ad XPDF analysis ¢rhid in agueous solution has shown the techniques to be
comparablg223].

Key to investigating phase transitions in the crystallisation process will be the acquisition of
time-resolveddata at a sufficienyl short timescale forstructural determination which
requiresshort pulses of Xays, electrons or neutrong43]. The Xray free-electron laser
(XFELpenerates anonoenergetic, relativistic electron bunthat is first passed through a
linear accelerator Kinac) beforeinteracting with magnetic undulators, resulting in the
emission of sufemtosecond pulsef244]. Techniqueshat will benefit from XFEL include

XAS X-ray diffractionand X-ray coherent diffractive imagin@43].

Due tothe strong scattering of electrons, reliable Piase been obtained from laboratory
electron microscope electrediffraction data[245]. Electron diffraction is being developed
for the study of nanostructures, but its apgation is limitedo thin film samples (below 10

nm) by attenuation and low penetratiof245].

Ultrafast electron diffraction (UED) esfemtosecondor even attosecond244] electron
pulses to generate reatime diffraction imaging for the study of ultrafast phase
transformations and chemical reactiof6]. With a larger elastic scattering cross section
than Xrays, data with a higher spatial resolution can be acquired with [2B6)]. Radie
frequency acceleratiofased photoemission electron guns produce afisigintly high
brightness electron beam to study the ultrafast dynamics of biological systems and solid
state chemistry[246]. Atomicresolution direct imaging to track a nuclear wave packet of

gasphase molecules dimg nonadiabatic processes has been achieved usind 2D

A study combining the ultrafast-bdy and electron diffraction of small gabase organic
molecules found the two techniques gave rise to complementary molecular structure

measurement$248].

The HEIMDAL instrument at the new spallation neutron source (European Spallation Source)
will combinethermal neutron powder diffraction (TNPD), alhangle neutron scattering
(SANS) and neutron imaging (M) that different probes will generate data for different
length scale$231], and the higklux neutron source has been designed for theitustudy

of phase transitiong249]. The smatangle neutron scattering (SANS) and 4@solution

total scattering will be used to probe the preicleation phase, with diffraction to provide

structural information on the solid phas§249]. At present, the available sample
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environment would not accommodate a laboratesgale flow cell, as used in the XPDF
experiments described in this thesibut the suitability of a neutron probe for low&
elements[249] means that future advances in the neutron diffraction technique could

providegreat insight into nucleation and crystallisation mechanisms.

The XPDF study of a crystallising system described in this work indicates the potential of the
technique to understandhe evolving structure of a crystallising solution framsitu X-ray

total scatteringmeasurement.
1.4.2 Computational techniques

1.4.2.1 Quantum mechanics methods

Quantum mechanics (QM) methods, eap initio and density functional theory (DFT)
calculations, are used to describe the electronic structures of atoms, iom®l@cules. As

the calculations can be computatiohaéxpensive, generally only a small number of atoms
are considered (up to a few hundref@50]. QM methods are used for the geometry
optimisation (or energy minimisation) of molecules, which fifees the structure of the
lowest energy configuration. Conformational analysis verifies that the global energy
minimum, not a local minimum, has been identifie@51]. Reasonable energy
approximatias for small, neutral molecules may be obtained from calculations of individual
molecules in the gas phase. However, calculations for a molecule in solution, especially
where polar solvents are present, require the useittier an implicit PCM to represé¢the
dielectric constant of the surrounding molecules, or for solvent molecules to be explicitly

placed around the solutmolecule[251].

Electronic transitions (excitestate systems) can be modallaising QM method$250].
Spectroscopic spectra, e.g. IR ara} absorption, can be generated from the QM excited
state calculations to inform the interpretation experimental d4&b0]. It is possible to
predict the excitationenergy of an electron when an atom or molecule is exposed to an
incident beam by considering the molecular polarisab[Ry1]. When there is divergence

in the estimation of the molecular polarisabjl which occurs when the quantum of energy
absorbed by the molecule is equal to the energy gap between the ground and excited states,
the excitation energy can be estimatftb1]. This method is knen as timedependent DFT
(TDDFT) (of DHF when applied to restricted Hartree Fock calculatif2is)]. TDDFT is a
popular quantum chemistrymethod, as it calculates electronic excited states in a

computationally economic waj252,253]
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1.4.2.2 Molecular mechanics

Computer modelling is used fam silicoexperiments across a range of timand length
scales at different points in the drug discovery prod@&®]. The molecular modelling of
chemical and biologicalystems at the atomic and molecular scales enables analysis such as
the adsorption of small molecules to organic and inorganic surfaces to provide insight into

drug delivery mechanisnj250].

For large molecular systems, molecular mechanics (MM) simulations are performed,
requiring classical force fields, as opposed to QM force fields. MD computational tools
simulate the physical basis of a system and are used to describe natural phenomerra and t
design new compound§250,254] MD models can include > 10,000 molecu255].

Starting with a system at equilibrium at t = 0 Ise tcomponents in an MD model move in
FOO2NRIyOS (2 bSgiG2yQad Sldzr GA2ya 2F Y2GA2Yy >
followed as the system evolvga50]. The distance of each atomic movement is based on

the system temperature and the deéd timestep[251]. MD models have been used to
reproduce the structure of proteinkl other biological molecules based on experimental

single crystal Xay diffraction SCXRIand highresolutionXRDdata [250].

The Monte Carlo (MC) method isstatistical probabilistic techniquéo model classical
many-body systemsn equilibrium (as opposed to dynamic systef2§6]. MC simulations
are based on the random motiarf components, including molecular rotationtoanslation,
or dihedral motion, i.e. not Newtobased physical movemen{257]. The component

movement will be accepted if the potential energy of the system decreases.

Force fields are a critical aspect of classical MMukitions, as they define how the
components interact with each othg254] (Sectionl.4.2.3. Force field selection for the
simulations in the EPSR studiedliscussedn Section2.9.2.2.2 Molecular modelling of
water has been extensively researched in the literature, and a discussion aratbemodel

selection for thesimulations in this study is Bection2.9.2.2.2
1.4.2.3 Force fields

Force field parameterisation is a specialist area of reseastme quality of the force field
parameters will impact the accuracy of the lmoular model, with inconsistency in force
fields leading to artefacts in the data83,258] Theinteraction potentials considered in the

force field include the Lennasdbnes potentials and Coulombic potential.

The LennardJones potential (or 612 potential) @scribes the potential energy of

interactions between two nonbonéd atoms as a functiorof their separationr (Equation
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9). The Lennardlones potential is a combination of the shoahge repulsion felt by
atoms/molecules ashey approach (1potential), and the attractive dispersion force that
exists when the separation distance increasespd&ntial) [251]. The LennardJones
potential (Figurel.14) is given by

51 . 1 Equation9
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Figurel.14 LennardJones potential describing the attractive and repulsive interactions
between simple atoms and molecules

Ab initio force fields are derived from QM calculations using theoretical principles. The
challenge ofab initio parameterisation is that the computationalgxpensive basis sets
needed to acquire accurate Lennaldnes parameters preclude the analysis of larger
molecules, whilst lower levels of theory exclude electron correlation, and thus would not
treat dispersion interactions sufficiently to produce reliable paramef2&b]. Asab initio
calculations are based on a single small molecule, or a snoddicoiar cluster, the long
range effects of other molecules in the system, for example solvent molecules, are not

captured.

Empirical force fields are developed by reproducing the experimental condeyisese

properties of a compound, such as heats of aégation or molecular volumef255].

Depending on the applied calibration procedure, e.g. degrees of freedom considered, target
properties, optimisation strategy, different sets of parameters can generate similar results

in empirical force fi@ development, the s®F f f SR  WLI NI YSGSNI O2 NN.

[254,255] By using additional target datauch asab initio interaction geometies and
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energies to assess the parameterisation, a combined empiigatfiitio method for force

field development can bemployed[255].

Different empirical force fields have been developedsuit the type of simulation and
required parametegranularity With all-atom (AA)force fields parameters are allocated to
each atom (interaction site), whiléhe coarsergrained united-atom (UA) force fields
considera group of atomsto be aninteraction site[254]. UA force fields result in less
computationallyintensive simulations, but are appropriate where the H atom motion is of

little interest and the key intermolecular interactions dotriovolve H atom$254].

There are many examples optimised potentials for liquid simulations (OPLLE) and AA
force field datasets providing énnardJones parameters for series of molecules or
componentgd259¢263]. Whilst some Lennardones parameters are said to be transferrable
between similar atom types, for example the parameters for an alkane may also be used for
analkane subgroup on another molecule, it is not necessarily the case for the defined partial

chargeq254,260]

Atomic partial charges can be derived from population analysab initiocalculations and
are indicative of the charge distribution in a molecule, although the Léwdin and Bhullik
methods may be unreasonable where diffuse basis sets are adidd265] Alternative
calculation techniques applgn electrostatic surface potential methodolagy.g. CHELPG
(Charges fronelectrostatic potentials) or RESP (restrainetectrostatic potentials), and
although they are more timeonsuming, they may produce better approximations,
especially in charged systerf251,266,267]

The phase of the investigated system influences force field selef@@f]. LennardJones
parameters that have been applied to chlorine in the literature change with its environment,
with * ranging from 3.5 A (organic chlorine atom) to A.4chloride ion in aqueous solution),
with 3.77 A applied to an ionic liquid @&hion[267]. Charge reduction, cscaledcharges, is

an empirical technique that has been applied to molecular modelshe literature
[107,136,268270]to crudely represent dielectric screening effef231]. Reduced charges
were applied in an EPSR simulatjp69] on the basis that the charges had been derived for
an isolated gaphase molecule, réer than one that is interacting with other molecules like

in the probed system. Charge parameterisation, including the application of reduced

charges, for the EPSR modelling of aqueous solutioB&1BiCI is considered in Appendix F.
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1.4.2.4 Water models

Thestructure of water has been of continued interest over the yedus to its ubiquity,
complex behaviourand interesting propertie§272]. Its importance to life sciences means
that there is a large body of research into the structure of and-isédfactions ofwater
[213,272274]). There are competing theories about its structure even at ambient
conditions, let alone before structural modifications,ge extreme temperatures and
pressures, or the addition of solutes are considef@¥2]. As new analytical and
computaional techniques emerge, and the resolution of data is improved, new hypotheses

about the network of hydrogethonded water molecules are propos§zid4,275]

Many modelsrepresentng the structure and behaviour of water moleculéave been
developedempirically or parameterised bgb initio calculationg276]. An empirical model
generally represents some, but not all, properties of water successfully, or may describe
water well macroscopically, but not microscopical®76,277] Rigid water molecules
constrain the intramolecular degrees of freedom that are relaxed in more flexible molecules

[276].

Polarisable water models describe the méundy inductive effects in watdR76]. Although
they may generate more realistic and robust molecular simulationscorporating
polarisation effects increase the complexity and the computational cost of the nipie]
Effective pair potential models are often simplified to excluddapsability occuring
beyond the pair interactions even thowgh polarisationin a polar liquidstrengthens

intermolecular bondingand sddeallyshould be consideref279].

Two families of commordysed water models used in the simulation of aqueousteans
are TIPnH137,169,178,28¢283] and single point charge (SP[)Y8,183,280,284287]
models. The TIPnP family of empirical water models was spdyifidaveloped for
biomolecular simulations and attracts a low computational d8%6]. The SPC/E model is
an extended SPC model, which incorporatesgbienergy due to polarisationverlooked

by manyeffective pair potential modelR79].

Whilst the behaviour of the water molecules is an important featafe solvationstudy,
there is nosinglemethodto follow in the literature Indeed, mixture models of water were
first suggested by ntgenin 1892[288] and have been proposed elsewhere, on the basis
that the structure of water is nomniform. Xray scattering and Xay absorption and
emission dataidentified density fluctuations in ambient water, indicating that water is
inhomogeneous at the nanometre lengdtalg275]. Soger[289]initially suggested that the

observed fluctuations were consistent with fluctuations expected of any liquid, due to the
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random and dynamic nature of the molecular structure, and that watelecules are

arranged in a roughly tetrahedral configuratidtiowever his later research, a Monte Carlo
simulation of a twecomponent water model validated with-2dy and neutron total

scattering experimental dategaptured the structure and therradynarnics of water at

ambient conditiong232]. The water mtecules only formed strong hydrogen bonds with

Wdzy t A18Q 61 GSN) Y2t SOdzA Sax fGK2dAK WiA1S8SQ
coordination shel[232]. The coexistence of two typed local structures in water (ordered
(tetrahedral) and disordered (netetrahedral) structurs) was proposed inanother,

classical MD modelling ofrdy and neutron scatteringxperiment datg290]. In contrast to

the mixture model idea is the continuum model, which describes the structure of water as

a network of continuously dtorted hydrogen bondf290].

Details of water model selection for the EPSR simulations &xtion2.9.2.2.2

1.5 Aims and objectives

Recent developments in experimental and computational methods provide an opportunity
to understand more about the structure of a crystallising solution and the speciafitia
components. The momentum transfer of highergy Xrays as theyare scattered before
and during crystallisatigncan be analysed to reveal insights into tbemposition and

structureof the crystallisingsolutionphase

The aim of this project ito develop experimentalX-ray techniques along with the
associated computationaalculations and modellingp characterise thghase from which
organic salts crystalliséray techniquesincludingKR$SXPSand Xray total scatteringare
applied to igkntify the speciation of the salt in solution and derive the structure of the
crystallising solutionUsing this information, the intermolecular interactions between the
ions, solvent molecules and the crystal product during the cooling crystallisatiam of

organic salt can be evaluated, including the propensity of ions to form ion pairs in solution.

Measuingthe evolution of theintermolecular interactions in arystallsingsolution is a key
stepto understanding thenolecularscale processdabat occu during the crystallisation of

pharmaceutical organic salts.
The main aims of this projeutill be metby achievinghe following objectives:

1. Probe the speciation of organic salt ions in aqueous solut&ng hard Xaysand

comparethe protonated ionwith the neutral form of the organic molecule.
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I CollectC and N ¥dge spectra of aqueoubnid and ImidH" in reatworld
conditionsusinghard X-ray XRS

91 Develop and apply a protocol to measure the C 1s and N ldexkbinding
energes of aqueous Imid andidH using NARKPSor the interpretation ofthe
XRSpectra.

1 Undertake TDDFTcalculations to understand thexpectedelectroniclsa ™ F
transitions inlmid andimidH, and assign transition peaks of the experimental
C and N ¥dge RSspectra.

2. Usea combined XPDF/modelling approdolrevealthe intermolecular interactions
between the ions and solvent molecules in a concentrated agueous solution of
GuHCI during cooling crystallisation.

9 Collect a series dime- andtemperatureresolhed, in situX-ray total scattering
data during the cooling crystallisation of GUHCI from aqueous solution, with
sufficient counting statisticsfor the acquisition of highiesolution XPDF
patterns.

1 Analyse the XPDF patterns derived friffray total scatteing data to evaluate
the structure of GUHCI in aqueous solution prior to nucleation.

1 Apply a combined XPDF/EPSR approach to generate structural models of the
system at different points in the cooling crystallisation process.

1 Propose the molecular structures that could be present in thegoystallisation
phasedo account for the intermolecular interactions identified in the structural
models.

3. Use a combined XPDF/modelling approachttm the effects of concentration on
the intermolecular interactions inaqueous GuHCI solutien
1 Cenerate structural models of three different concentration agueous GuHCI

solutions.

9 Identify concentrationrelated changes to the solution structure, including

anion-cation and likecharged Gdnt-Gdm®) ion pairing and ion solvation.

The advancementof experimentalX-ray andcomplementary theoreticacomputational
techniquesis essentialto identify the optimum nucleation andgrowth conditions for
crystalline products with the desired properties. A fundamental understanding ofhe
crystallisatiorpathwaysof organic saltss required tanform predictivedesign andimprove
the control of crystallisation processeé transformativedevelopmentike thiswould result
in more efficient and reproducild industriatscalesalt production which could be applied

in many industrial sectors
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1.6 Outline of thesis chapters

Chapter 1 introducethe drivers for the development of drugs in salt far@assic and
multistage nucleation theoriesssues specific to 1@ in solution, and characterisation
techniqueghat can beused to probe solution systenase outlined The compounds studied

in this work [midHCland GuHQ), including previous investigations into the compounds in

solution,e.g.solvation structure and the likeharged ion pairing dedn, are presented.

Chapter 2 describes the theoretical background for the experimental and computational
techniques used in this thesis including XREDFTalculations, anc-ray total scattering

and EPSRodellingfor XPDF analysis addition,the complementary analytical techniques
that areused to characterise the chemical composition and physical form afrirstallised

organic salsamplesincludingPXRD, SQRDandhelium pychometryare described.

Chapter 3 explores the use afre-level spectroscopic and-dy diffraction techniques to
characterise organic salts in solution and the phase from which the ggktallise. The C
and N Kedges of agueoulsnid andImidH were acquired usingfRS andnalysedising NAP
XPS measurements of the aqueous solutions @aBdDFTcalculations to compare the

speciation ofimidH"in aqueous solutiomvith that of aqueousimid.

The focus of Chapter 4 is the collection and analysisrai/Xotal scatteringdata to study
the evolving structure of & M agueous GuHCI solution during cooling crystallisatideta
were collected duringnin situcooling crystallisation experiment at tdPDMbeamlineat
Diamond Light Soura@®LS)Sructural changeghat take placeas the crystallising solution
coolsthrough theMSZ are identifiedsingXPDF pattern analysigo interpret theX-ray total
scatteringdata further, statisticalstructural modes$ of the concentrated aqueouSuHCI
solutionsare developed singEPSR simulationghichare refined to the experimental data
These modelareinterrogated to identify the intermacularinteractions presenin the pre

crystallisation phases durintge cooling crystallisation process

Chapter 5 reports on the vations inthe aqueousGuHCSkolutionstructureas a function of
concentration using the combined XPDF/EPSR technique developed in ChapiaaHy,

Chapter6 summarises the key findings of the work describedhis thesis and suggests
interesting future research that could be conductedurther develop the work undertaken

here.

1.6 Outline of thesis chapters 38



Chapter ZResearch techniques

Chapter 2 Research techniques

2.1 Introduction

X-ray techniques have been used to characterise organic salts in solution and the phase from
which the salt crystallises. This chapter describes thaterials including sample
preparation experimentahnd computationamethods, andanalytical techniguethat have

been applied in this research.

Xray corelevel spectroscopy an@DDFTcalculations have been used to investigate the
speciation of ImidHIGn water. The evolving structure of an agueous GuHCI solution during
cooling crystallisation has been measured inrasituX-ray total scattering study, and the
structure of aqueous GuHCI solutions at different concentrationg o been analysed.
BEPSR (Monte Carlo) simulations were used to develop statistical structural models of the
systems based on therdy total scattering data, which could be interrogated to identify the
intermoleculr interactions present in the solution structures. In additicomplementary
analytical techniques, including powder and single crystayXdiffraction PXRDEXRD),
helium pycnometry andscanning electron microscopwith energy dispersive -Ky
spectroscopy(SEMEDX, have been used to characterise the chemimaiposition and

physical form of the solid samples.

2.2 Materials and sample preparation

2.2.1 Imidazole and imidazol&ydrochloride

ImidazolgSigma Aldricjpuriss.p.a grade LJdzNJA G &) amg hydirohlptie acid (HCI, Fluka,
puriss.p.a grade LJdzNI32/@wepg usedwithout further purification.

5 M aqueous Imid solution for XRS analysis was prepared atitrdtory gradepurified
deionised watei(MilliQ-POD resistivity = 18.2 M @ §) Msultingin a solution ofpH 10.For
the ImidHCI solutionHCI was added dropwise to the aqueous Imid solutieswlting in an

agueous solution at pH, indicating that protonatiorof Imid to formimidH"had occurred.

For XPS analys&s;~2.5 M aqueous Imid solution was prepared patidirectly in the sample

chamber The solid ImidHCI sampldissolvedin the humid atmosphere in the sample
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chamber, which was provided kgboratory gradgurifieddeionised watein an open bottle
(Suez Select Fusion, 180\ Q Y

ImidHCI salt wasequiredfor XPSSCXRRnd XPDRnalysis.Two methods were usetb

synthesisehe colourless compound

Preparation ofsolid ImidHClby rapidevaporatiort Aconcentrated solution ofmidHCI was
prepared fromimid and conc.hydrochloricacid (10% stoichiometric excess). Huodution
was heated on a thin aluminium foil &vaporat the water, andthe remainingmolten salt

was thencooled.

Preparation of solid ImidHClby evaporation under vacuumConcentrated HCI (Sigma

'f RNAOKZ LJzNAR &aae Lol & JaddedR@opwiseldaddhidi(@56 8, o0 172 0
without modification or purification¢ stoichiometric ratig, with magnetic stirring to
augment the dissipation of heat during the addition proctsgroduce a6.9 M ImidHCI

agueous solutionThesolution wasplaced dropwise on a glass petri dish, which was put in

a desiccator containing desiccating material (3 A molecular sieg8smésh). A vacuum

pump applied a vacuum until the salt was dry.

Storageof solid ImidHC] The salt was stored under vacuum, ais ihighly hygroscopic

2.2.2 Guanidine hydrochloride

GUHCI (VWR oy = ¢ S O Kwasu€eld withddtNUrtiRSpurification. Aqueous GuHCI
solutions for the capillary anid situanalyses were prepared usirabbratory gradepurified
deionised wate(Suez Sect Fusion, 18 M ® @ ¥or analysis of the crystallised prodbgt
helium pycnometryPXRD, SCXRD, SEMX and XPDthe GuHCI wasecrystallisedn the
jacketed vessel by reducing the temperature of a 9 M solufiom ~6%~20°C GuHCI
crystallises as a colourless crystalline compound, whichva@sum filtered using a Buchner
flaskand funneland rinsed with chilledleionisedwater. The sample was thedried in an

oven at ~60Cfor approx. 6 h.
2.2.3 XPDFsamplepreparation

2.2.3.1 Capillaries powder samples

A powder average should be obtained in klfDF measurement, sowder samples should
be groundto produce amallparticlesize (ideally 40>m)[291]. The powder is then packed
into a 1.5 mnoutside diameter ©D borosilicate capillary to a level of around 4105 cnt

to ensure that the samplwould be in the beam when mounted on the capillary spinner
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andsealed with clayAs ImidHGk highly hygroscopithe sample was driednder vacuum

after grindingbeforefilling the capillary
2.2.3.2 Capillariesliquid samples

A 1.5 mm capillary ofleionisedwater (18.2 MK ® (BMez Select Fusion) for themparison
studyrelated to the concentration studfsee2.5.4.1.2and Chapter 4 was claysealed

Samplego be measured in the higithroughput beamtime wereén 2.0 mmOD borosilicate

capillaries and mounted in th&tatic (nonrotating) sample holder (se25.4.1.2.

Stock solutions50 ml) of 2, 4 and 6 MGUHCI samplesere preparedn volumetric flasks

with GuHCI (as received) arabbratory gradepurified deionised wate(Suez 8ect Fusion,

18 MK @ §) ¥s described iffable2.1. The solubility of GuH@t 20°Cis 6.0 M. This was the
maximum concentration selected for analysis in the GUHCI concentration study, as capillary

XPDF measurements were taken at room temperature

Table2.1 Aqueous GuHCI solution sample prapdon (50 ml samples prepared)

Sample concentration Density of solutior{

Py Mass of GUHCI /g Mass of water /g Ig.cmrt
> 9.69 42.24 1.04
2 19.18 35.35 1.09
6 28.72 28.35 114

GuHCI solutiorcapillaries were heasealed.For this, the capillary was dipped in liquid

nitrogen to freeze the sample and prevent sample evaporation and mounted in goheait

holder Figure2.1a&b).
—

a) sample is frozeim liquid nitrogen b)top of capillary is melted using a Bunsen burner
and c) glass sealed with tweezers

Figure2.1 Production of sealed borosilicate glass capillaries

The top of the capillary was heated using a Bunsen burner and the top of the capillary closed

using tweezersHigure2.1b&c). This process was undertaken in a fume hdeatprotection,

" Density was calculated from the total measured m@gsf water and GuHCI / 50 (ml)
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whilst allowingsafemanipulation of equipment, cotton gloves were worn betwesminner
and outer nitrile gloveThe 2.0 mndeionised watercapillary (Suez Select Fusion, 18 K Q Y

was also heasealed following the process outlined above.
2.2.3.3 In situcrystallisation of GUHCI

Thein situcrystallisation experiment needed to take place within a temperature range of 5
70°C due to theuse of the water bath for solution temperature control. Experiments were
conducted to identify the solution concentration that would dissolve76°C and

reproducibly crystallise in range 426°C

The initial selection of the starting concentration fior situ analysis was based on the
outcome of the Crystall6 analysis (&eetion2.8andAppendk Afor details).A 9 Msolution
of GUHCI was made usidg7.68g GuHI (as receiveddnd 54.64 g deionisedwater. The
solutionwas stirred in the jacketed vessel whilsthidsheated to ~68Cto fully dissolve the

solute.A solution volume of 149ml was measured.

The 9 M GuHClsolution crystallisel at 13.6¢14.4°Cin Crystall6 At a larger scalein the
jacketed vesselith magnetic stirring, butwithout the Marmprene tubing crystallisation
occurred at <10°Cdue to the different system parametex e.g. volume:surface ratio,
relative stirrer sizeand heating and coalg rates The addition of the Marprene tubingnd
Kapton tubing with metal Swagelok fittingghangedthe surfaces that the crystallising
solution contacted, andhe mixing regimeand temperature differentialsin the jacketed
vessel and cystallisationocaurred at a solution temperature of ~21°C The solutionpH

rangad from 4.64.9acrossatemperature range 0i5.0¢23.5°C

2.3 Synchrotronscience

Accelerating a charged partickdther in a straight line or along a curved patisults in the
emission of electromagnetic radiation. Synchrotrons are circular particle accelerators,
where charged particles are acceleratéd generate shorwavelength, higkenergy
radiation. Although any charged particle could be used, radiation somisintensity is

indirectly proportional to the mass of the particle hence electrons are (382]).

X-ray radiationwavelengthstypically vary from 0.01 to 1nm [293], or even shorter with
high-energy acceleratorf293], making X-rays suitable for the study of the structure and

dynamics of matter wii interatomic distances in the order of angstro(A$[294].

The layout of a typical synchrotron facility is showrFigure2.2 [295,296] Bunches of

electrons are accelerated to relativistic speeds in the linear acceledat@cjusing electric

2.3Synchrotron science 42



Chapter ZResearch techniques

fields. The electronsare further accelerated in the booster synchrotron, after which they
enter the storage ring. Focusing magnats as a magnetic lens to focus the electron beam
[297].

Booster
synchrotron

Insertion
devices
(undulators)

Storage
fing

Beamline

Figure2.2 Layout of a storage ring (fromef. [295]) and the layout of magnet devices within it
(from ref. [296])

The stoage ring is surrounded by beam lines that supply radiation to experimental hutches,
with instruments and detectors specific to the requirements of application of the radiation.

The source of the radiation is either a bending magnet or an insertion device.

The electrons lose energy, which is emitted tangentially-eeyX, when the electron beam

changes direction. Bending magnets force the electrons through a single bend, causing the
releaseof a broad-spectrumbeamof St SOGNR YI 3y S A O dibbnR withii A 2y &
wavelengthdrom ~10* to ~10° m [297].

A wiggler is a type of insertion devicemprising arrays of magnets of opposite polarity,
positioned to cause the electrons moving between them to oscillate and emitdrighgy
radiation[292]. The brilliance of Xays emitted from wigglers is approximately two orders

of magnitudegreater than for bending magnef297].

An undulatoris an insertion devicdocated in the straight section of the storage riagd
comprisesarrays of oppositgolarity magnet4297]. Themany, small deflectiosithat the
electronsundergo causeconstructiveinterference, resulting in an intense beaat the
energy selected by the undulat¢297]. The brilliance of the beamcan befour orders of
magnitude greater tharthe beam emitted bya bending magnef292,297] X-rays inserted
into the experimental hutch via an undulator arard X-rays (> ~10keV) [298]. In softX-rays
systems, samples are required to be under vacuum to reduce attenuation and to maximise

the signal that is measured.
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To fully exmit the radiation beam propertiefor the required usg, the beam is further

modified by optical components located in the optics huzé4].

The monochromator eliminates photons outside of the required energy rasge crystal
diffraction[297). ¢ KS ONR &Gl f aQ 2NASYydlGdA2Y FyR 3S2YS
crystals used) define the energy rantdpat will be incident upon the sample. The mirrors

focus the beam to reduce the spot size, and slits are used to collimate the [2€4in

The closer to the speed of light that the electron is travelling, the greater the collimation of

the ejected photos of energy and the greater the brightness of the beam produced. Beam
ONARIKGYySaa Aa | YSFadz2NBE 2F GKS aLl GdAlf RSLIS
unit solid angle per unit aref299]. Focusing the beam to increase flux affects radial

divergene.

Brilliance describes the number of photons per second per square millimetre of area per
square milliradian of solid angle within a bandwidth of 0.1% of any given energy
(photons.se?.0.1% bandwidth.mm2.mrad?) [297]. Highbrilliance beams have a higher
useable flux density and can be suitable for low concentration samples that are resistant to
beam danage, but could cause beam damage and degradation of biological or organic
sampleq297].

Brilliance is tien the characteristic used to compare radiation souréggure2.3 shows the
development of synchrotron brightness since 1945, and compares it to the griowth

leadingedge computing speefB00].

The recent upgrade at thEuropean Synchrotron Radiation Faci{lBSRF), Grenoble, from

0KS GKANR 3ISYySNIF GA 2 ystfaushlganeratighSyncheotroB SREBSS 2 NI R C
(Extremely Brilliant Source)as increased the brilliance by around [BD1]. Faster sources,

such as Xay FreeElectron Lasers (XFEL), willable ultrafast probing of materials,

resulting inin situ experiments with a higher time resolutiof302,303] XFEL combine

particle accelerator and lasechnology to produce a very brilliant source of radiatid®4].
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Figure2.3 Synchrotron radiation development, based onrdy source brilliance, from 1945

2015(from ref. [300])

2.4 Corelevel Xray spectroscopy

This section outlines the theory and application of the eenel Xray spectroscopic

techniques that have been used in this thesBorelevel characterisation involves the

excitationof corelevel (kedge or 19 electrons to create a coseole. Depending on the

technique,the energy o intensity d emitted or scattered photons or electronzovides

informationon the chemicastate, local geometric structumar nature ofthe chemical bond

of the probed elemen{305].

Before the development of suitabbynchrotron Xray sources, inneshell electron energy

loss spectroscopy (ISEEL®ich could be undertaken in the laboratomywas key to the

development of Kedge spectroscopy andominated as a technique for elemespecific

analysis of electronistructure[207].

Figure 2.4 illustrates the cordevel excitation and the resulting emissions that can be

measured.
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Figure2.4 The photon and electron emission processes in cteeel spectroscopy
2.4.1 X-ray absorption spectroscopy

X-ray Absorption SpectroscogXAS)experiments to acquire neagdge Xray absorption
fine structure (NEXAFS) specttaterminethe localchemical andyeometricalstructure of
matter [207]. In the NEXAFS techniques, the inaddent energy is scanned across the required
range, absorbedncident photonsexcite corelevel electrors to the lower unoccupied
molecular orbitalfLUMO) described a5 por* pfransitions, orto continuum states, where
the corelevel electronis ejectedfrom the probed atom(Figure2.4) [208]. Secondary
excitation events may also be measuree.g. the emission of a fluorescence photon
(radiative process) or Auger electron (nadiative process) due to the release of energy

when electrons drop tdill the corehole left by the initial excitatiofFigure2.4) [208].

XAS is a resonant processeaning thequantised photon is fully absorbed, ang&rformed
in the soft Xray range (<l keV).Soft X-ray studies often require samples te lin high or
ultra-high vacuum (UHV) chambers thsseX-rays have a short path lengfB06,307] With
submicron absorption path lengths, XAS is a surgaresitive analysis techniqy@06,307]

The monochromator used to tune the incidentryscan introduce features in the spectrum

across the 276325 eV energy rangé the region of theC kedgespectrum[207].

Liguidjet setups have allowed XAS analysis of some liquid syq&p6s308,309]although
the sampletemperature and pessureconditions are difficult to controbnd there are
limitations on the sample environmenfAs suchthese systems arkesssuitablefor phase

changesstudies such as where crystallisation is being induced.
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2.4.2 X-ray RamarScattering

Inelastic light sdtering was firstcharacterised in the 1920s, when it was seen gahples
illuminated with visible, ultraviolet and infrared light engecondary radiatiorthat was
characteristic of the atoms or molecules presanthe bulk [310]. Whilst opticalresonant
Raman spectroscopy characterises molecular vibrational (phonon) and rotational modes and
electronic excitations in the meMange[196], X-ray Raman scattering (XRS) is an emerging
technique that uses hard-bays (€10 keV) to probe the unoccupiecdsity of states of
atomic specief?208,311,312]The excitation of cordevel electrons occuras a result of the

energyloss scattering everdf the highenergy incoming photas[313].

XRS can measure both dipole and highwter transitions, as a function of momentum
transfer, g. In the lowg region (the dipole limit), where q is small compared to the isger
radial distribution of the groundtate electrons, XRS produces spectra that are proportional
to the NEXAFS acquired from XE59,210,306,314316] An XRS spectrum that is
dominated by dipole allowed transitions can be analysed using the same tools and

techniques that are used for XAR.7].

With an Xray penetration depth in the millimetre range, XR& bulksensitive technique
[210,220] XRS has negligible salfsorption effects, producing more reliable spedinan

can be achieved using softray techniquesThe real advantage of XRS lies in its power to
probe materials in complex sample environmi® including timeresolved processes
(reactions or phase changd2]10,211,219]As aconsequence, XRS studies span many fields,
including geosciencef318¢322], water and ice[213,323,324] glasses[325], historical
materials[219] and batterieq326¢328].

With a low scattering crossection, XRS experiments requirbigh-energy brilliant
synchrotron radiatiof to provide a higklux, monochromaticcollimated X-ray beam of
known polarisation for aeasonablesignatto-noise ratio[219]. Alaboratorybased source

would not provide high enougtesolution or signato-noise ratio[329].

8 |SEELS is equivalent to XRS atdaxalues because the transition operators are similar at
this momentum transfer rangp06]. The limitations of measuring samples in the condensed
state mean that whilst ISEELS measurements can suppoittirpretation and validation

of XRS measurements, the electronic characterisation of samples in more complex sample

environments is not possible with ISEE(F].
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2.4.2.1 Background theory

Most light scattering from a surface undergoes elastic Rayleigh scattering, where the light
changes direction without change in energy or frequefi®b]. Approximately 1/1000 of

the scattered photons experience Raman scattering, where the gimation wavelengthx Q %

Ad RATFSNByG G2 K tokts/iderartidrywvith the e@&ronS i hé K < X
scattering material (inelastic scattering)95]. The resultant photon is scattered at a
scatteringangle2' , from the incident pathlnelastic scattering is 1/10800f the intensity

of the Rayleigh elastic scattering, and Raman is a smalaj<proportion of the inelastic
(Compton and Raman) scatterin§idure 2.5). The Compton scattering is due to the

interaction of the Xrays with the valence electrons.
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Figure2.5 A comparison of the ratio of Rayleigfelastic), Compton and Raman scattering fromr
graphite. Taken from ref[307]

Inelastic Xray scattering (IXS) experimengxaminethe correlated motion of electrons of
an excited multparticle system by measuring both the energy and the change in
momentum of scattered photons. There are broadly thmenresonantinelastic Xray
scattering(NIX$technique$ for electronic excitationCompton scattering, valence electron

excitation and cordevel excitation (XRS).

9 The branches of NIXS are differentiated according to the Hamiltonian operator (the
guantummechanical operator related to the kinetic and potential energies of all particles in
the system), which describes the interactions of the electromagnetic field of the incident X

rays with the electron§210].
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The nearedge fine structure is determined by scanning the beamlinerpomochromator

across the required energy range. An incidektd i 2 Y 6 A (1 End Sav&eciBra,
interactsg AGK 'y StSOGNRYIZ GNIYAFSNNRAYy3I | avl ff
excitation procesgausing a corgevel absorption even{l96,211] The photon scatters
inelastically vk it K NI R dz&:8 Rig - Sy SINyBRectrik.2195,211] The intensity of

0KS NBaARdzrf aOl GGSNBR LK2i02ya Aa RSGSOUGSR
transfer (q) Figure260 @ ¢ KS Sy SNHe& f2aa GSNY KSNBZI .3 A:
energy, and the momenturdependence is equivalent to the absorbed photon polarisation

vector, in soft Xay XA$210,219,330]

Figure2.6 Energy loss during XRS process

In the XRS technique, the measured quantity is proportional to the double differential
scatteringcrosst SO A2y 65{/ {0 6KAOK NBLINBaSywa GKS
will scatter into the solid anglelementifm 1nmg YR Ay id2 (KS 1S ,SNH& N
due to an inelastic scattering evefit96]. When calculated according to lowest order
perturbation theory, double DSCS ispeduct of the Thomson DSCS and the dynamic
structure factor Equation10) [329].

T e s
B i
m im0

The Thomson DSCS evaluates the radiagientron interaction strength, and is described

Equation10

in terms of the energy and polarisation vectors of the incident and scattghetbns[317].

The polarisation of the scattered light can also change, which is indicative of a surface
Y2t SOdz S Q3207 Dide Btifeldiredtidralyy of covalent bonds, which are common

in molecules containing lighter elementsgedge nearedge fine structure spectra of lo@&
elements are strongly polarisatieshependent for molecules of fixed orientati¢207].

¢KS Reyl YAO &i Nuza funzial of the nibinéntuin &nd §nErgydranséer a

and compares the initial and final states of a maayticle system,aBRS & ONA 6 SR o0& C!
goldenrulg211].{ 6lj 2. 0 Oly 68 SELI yRSR (2
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YR Ao Agmg &)1 0 O "

. Equation11

The transition operatorexp(ig.y) can be expanded in a Taykeries Equationl12).

QoiRd p 0f c Q4 8 Equation12

The first important term ig).r, which is the dipol®perator[196]. There are no transitions

as a result of the unity operatgi96]. At low-q, dipole transitions dominate the series. For
higher momentum transfer, the Taylor expansion increases to include more terms, reducing
the importance of the dipole transitions. For certain materigih d- and f electrons, such

as insulators and electronic materil probing high g multipole transitions (beyond the
dipole limit) can have useful applications, but for the purposes of this study, the region of
interest is limited to the dipole allowed logy region, vihere the change irbital angular

momentumi | =+1 [213].

Spectrdresolutionmayrange between @1and2eV and is a convolution of the resolutions

of the incident beam bandwidth, which is affected by the beside monochromator, and
analysercrystal propertie4209,312,331] As anincrease in energy or momentum transfer
resolution is offset by a reduction in flux reaching the sample, the selection of the
monochromator will depend on the sample type and the information sought in the
experiment[210]. The acquired spectra will be a good approximatbthe density of states

Ay GKS | {2 Y foin tha peRudastien ofdhé tofedectron excitatior{196,317]

Afull description of XRS theory can be found in detail inlitezature [196,210,329]

2.4.2.2 XRS instrumentation

alyed &ALISOGNRYSGSNE | NB RSOSt2LISR G2whilstS | & dzNB
scanning across the energy range so that devel excitation events at each incideamergy

can be detected210,329] The intensity of the scattered radiation, which has inelastically
scattered from the sample through a constant scattering angle and a largeasajig m) is
collected and enagy-analysed210,329] It is noted that increasing the collection efficiency

of the spectrometer can impact on the resolution that can be achieved with a specific
spectrometer configuration. Spectrometer design should optimise the energy resolution so

that atomic species can be differentiated from the XRS spectra, but with a suffidiggtily

intensity for meaningful measuremenf312].

An NIXS spectrometeisometimesoperating in a nearbackscattering configurationhas

silicon crystal analysets focusthe scattered Xays back onto the detector. Diced crystal
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analysers improve the energy resolution and they perf significantly better than
conventional spherically bent analysers, as the dicing reduces deformations due to lattice
stress[312]. The analyser crystals are often housed in vacuum, or helium atmosphere to
reduce stray scattering from the 4209,332] The collimation of the scattered radiation as

it enters the detectothousing further increases the sigralnoise ratio[209]. An analyser
module at the ID20 beamline at the ESRF, containing 12 analyser crystals, is sRmunein

2.7 (taken fromref.[209]). The precise details of the XRS beamline instrumentation available
at differentsynchrotrors can be found in the literaturf209,211,312,332334].

a)

individual analyzer
%~ 0-, tx-stage

lightweight
carbon-fiber
chamber ~__

ol i
collimating nose b i
== processor unit

Figure2.7 An analyser module housing 12 Si(nn0) analyser crystals on a 1 m Rowland circle
one of 6 modules at ID2ESRHrom ref. [209]

The time to acquire an XRS scan is dependent on factors such as the beam flux, the sample
environment, and type and number of detectors. The sample will be irradiated for an
extended perial, from minutes to potentially hours if multiple scans are taken for several
edge spectra. During an experimental session, repeated spectra measurements over time
identify chemical changes that may occur from beam damage, which can be reduced by
moving the beam between scans or using automatic repositioning of the beam spot
[335,336]

To measure under complex sample environmelimmond Anvil Call(DAC)have been
developed to achieve high-pressure environmenfor Xray spectroscopy and diffraction
studiesof water and ice, geolgical sampleand glassef337¢341], and applicatiorspecific

flow cells have been developed for the XRS analysis of liffidda21,327]
2.4.2.3 European Synchrotron Radiation Facility (ESRFRAD

The XRS measurements of aqueous solutainmid and ImidHCl(presented inChapter 3
were collected at the inelastic scattering beamline2lbat ESRF, Grenoble gifice [183]. ID
20 is an undulator beamline, operated with four 26 Aperiod undulators. The beam is

collimated by a whitdbeam mirror before passing through a liguidrogen cooled double
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crystal Si(111) prenonochromator and an Si(311) chamuelt postmonochromator to
operate in a higkenergy resolution mode. The overall energy resolution, comprising the
instrumental resolution of the monochromator and the analyser crystal, was found to be
~0.7 eV duringhese experiments, based on the full width half mimum (FWHM) of the
elastic peak. The beam was focused to a spot size obr2(horizontal) x 3m (vertical)

using a mirror system in Kirkpatriglkaez geometry.

Six Maxipix detector modules, three in each of the horizontal and vertical scattering planes
collect the scattered photons atvalues betweerr-1.5 At and 9.5 A [209]. Each detector
module contains 12 sphericalbent Si(660) analyser crystals. Details on the dimensions and
arrangement of the analyser crystals, and the resulting benefit to the energy resolution of
this arrangement, is desibed elsewherg209]. The elastic energy was set to 9.68 keV. The
X-ray Raman spectrum was obtained by scanning the beamline monochromator energy at a
fixed analyser setting. The measured energy differenagdgmt beamline monochromator
energy minus measured analyser energy) corresponds to the energiyf toebtain NEXAFS
information, the XRS speetwere collectedin the lowq regime, which is dominated by
dipole allowed transition§315]. Forthe work described ilChapter 3measurementsvere
performed inforward-scattering (lowg) geometry collected bythe VD detector module

positioned at an angle of 42ndq =3.6A> Yor the study of dipolallowedtransitions[312].

2.4.2.3.1 Sample flow cell

Thein situjacketed flav crystallisel(Figure2.8) usal on the XRS beamlingas designed to
replicak the conditionsof experimental crystalliserin the laboratory.The crystalliser was

commissioned fom situcrystallisation experimentsas described in ref67].

To water bath

circulator
~250 ml solution

in jacketed vessel

Thermocouple /J —’—

Peristaltic
pump Kapton
- _ window
- ———
Solution flow direction
NN — =
Marprene tubing [(Magnetic stirrer == ! !_/ ]

I

From water bath
circulator

Figure2.8 Schematic representation of thddw cellused in thein situ crystallisationstudy

Theflow crystalliserdesign reduces the potential for radiation damagedygulatingthe
solution exposed to the beanthe beam was aligned to pass through aui#bthick Kapton

(polyimide) window, whichis transparent to Xays located in thecrystalliser neckA
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thermocouple measurethe temperature of the solution, whicls temperaturecontrolled
via the crystalliser jacketsing a Julabo chillealthough the data detailed i@hapter 3vere

acquired at room temperature (~206).

2.4.2.3.2 Data processing

The background needs to be subtractiedm the high-resolution scans. The lightetement
K-edges are generally located where there is a large Compton scattering background. This
effect is shown clearly iRigure2.9, where increasing magnification of the long scan reveals
further information on the elastic peak ¢, monochromator energy)Higure2.9a) and

Compton peaksHigure2.9b) and the carbon, nitrogen and oxygerm#ges Figure2.9c).
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Figure2.9 Elastic scan across the energy range of interest

(a) with a maximum intensity value of 3.5%18howing the intensity of the elastic peak, (
with a maximum intensity value of 3.5X¥1&howing theCompton scattering and (c) with
maximum intensity value of 3.5x4,Ghowing the carbon, nitrogen and oxygeedges.

The user selects specific pixels on the 2D detectors (regions of interest, Rol) for evaluation,
excluding significant background interénce or measured intensity that is out of the
required momentum transfer rangR11]. The background subtraction is performed using

the beamlinespecific processing code XRStools, Bythonbased open source software
devdoped at ESRR09]. Features in the background spectra should be fully removed, which

is particularly challenging if the sigraltbackground ratio is smd207]. Using a suitable

spectrum normalisation procedure éssential for reliable and comparable speda?7].

Where there is more than one atom type of a probed species, the spectra can be
decomposed using methods such as meottmponent fitting, ornon-negative matrix
factorisation [222,342] Thenearedge spectra peaks can be assigned using binding energy
measurements by XP&d Xray absorption (XA) spectfilom TDDFT calculatiorendfitted

using peak fitting software.
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2.4.3 X-ray photoelectron spectroscopy (XPS)
2.4.3.1 Overview ofXPS

X-ray photoelectron spectroscopy (XPS) is a widelyd surface analytical technique that
provides chemical and elemental information about a material, to a depth16f nm
[343,344. The technique, also known as Electron Spectroscopy for Chemical Analysis (ESCA),
is based on measuring the kinetic energy & photoelectrons that are emitted from the

surface of a materigB45].

The schematic of an-b&y photoelectron spectrometer is shownhigure2.10. XPS analysis
involves the irradiation of a surface with monochromatica}t photonswhich if sufficiently
high in energymay be absorbed by electrons causing their ejection from the sudatee

material[345].

HEMISPHERICAL
ANALYSER

RETARDING
LENS / +
// FOCUSING POSITION SENSITIVE
X-RAYS LENS DETECTOR
ELECTRON

BEAM PHOTOELECTRONS

A

Figure2.10 Schematiaepresentationof XPS

MONOCHROMATOR

ELECTRON |
GUN

The photon energ¥,, of the incident Xay must exceed the electron binding energyde
bring the electron to vacuum and provide sufficient additioBato move the electron to
the surface of the sample and into thealysischamber As energy is conserved; @&n be

related to thebs and Ecby

O ® 0 © Equation13
wherehl' t £ | y 01,8 and\G2h¢ fieiuentyiof the Xay (Hz). Thegdf an electron
will vary depending on the probed atom type and speciation, as different chemical

environments will change the electron density and therefore tb{3E6].

A small proportion of the ejected photoelectrons wilhter the analyer nozzleof the

spectrometer[346]. The number of electrons emitted pek iGterval (the pass energy), over

10h =6.62606957 203* m?kgs!
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a specified energy range, is measured in the hemispherical anfd¢ddrReducing the pass

energy increases the resolution of the scan, but this is offset by a lower courj8dgE

Traditionally, samples are measurgdvacuoat pressures in the regioof 108 mbar[347].
This UHV environment gives the photoelectrons a satisfactory free mean path when
travelling from the sample to the detector by minimising their interactions with othe

particles.

Charging of the sample can occur during measurement, as the sample is losing
photoelectrons causing a builgh of positivecharge Charge compensation in UERPS is
managed using floeduns, a sourcef low-energy electrong346]. Whilst spectra of non
conductive materials can be measured with the use of charge compensitidoes not
overcome the problem of energy calibration, the surface potential of the sample is still

unknown[346].

Energy calibration is required to determine the actualfiem the measured &of the
photoelectron, and various techniques are summarised in the literd@46]. Each method
requires identification of known peak, and adjoetnt of the energy scale accordingly. For
samples that are poorly conducting (nametals), that do not have a good contact with the
spectrometer or are not sufficiently chargempensated, the Fermi Level cannot be used
as a reference lev§B46]. Often, the C 1adventitious carbor{Ga) layeris used for energy
calibration, as it will be present on any sample that is exposed to air, although there is debate

in the literature about the suitability of this approaf3v6].

UHMUXPS is unsuitable for some materials, such as organic compounds and liquids, which are
too volatile, or for biological samples that may be altered when frozen for-XIPY analysis.
Nearambient pressure XPS (NXPS) allows sample measurement at higher pressures and

in environments more representative of their reabrld conditiong347].
2.4.3.2 Nearambient pressure XPS (NARPS)

Nearambient pressure XPS (NXPS) enables samples to be measured at pressures in the
order of a few mbaf347]. At this low sample chamber pressure, there is a substantial
pressure differential between the-bay gun, theanalysis chamber and the analygada7].

To overcome thiglifference, the EnviroESCésed in the work described heperates a
differential pumping system, with four stagesrn the analysis chamber to tH#hoibosL50

NAP hemispherical analyser

With the gaseous environment in the NAP analysis chamber, the electrons have a short free

mean path, which means that the smalperture nozzle through which photoelectrons are
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removed from the chamber needs to be close to the sample being measured. In the case of
the EnviroESCA, pressure in this analysis chamber is maintained using a roughing pump for
evacuation and gas dosifig47]. The three subsequent pumping stages use UHV pumps to
bring the pressure down, each separated by small apertures with electron focussing at each

stage tomaximise the count rat347].

Samples can be temperature controlled via the samplgestasing the esistance heating

plate or the Peltier cooling plate. The samples can also be dosed with gas. Organic samples
are insulating materials and are subject to significant charging. In the EnviroES@&, cha
compensation is provided slectronion pair formatian of gasphase moleculepresent in

the chamber during sample analysimduced by absorption of the photand Auger

electrons emitted from the sample, alongside direct ionisation {ogyXabsorptior[348].

Energy calibration was performed based on the allocation Gfsgpeak at 285 eV. Whilst

the difficulties and potetial inaccuracies using this method are acknowledfgb], and
alternatives were explored, it is considered to be the most appropriate forattganic
samples measured under NA®PS. It was likely that there would be greater contamination
when measuring samples at NAP compared with samples that are measured at UHV

pressures.
2.4.3.3 SPECENvViroESCA NARPS

TheEnviroESC#sedto collectX-ray photoeletron spectraof Imid and ImidHG$ equipped
GAUGK | Y2y 2 OK-Mpsduroe {1486.71feV).YTheam (300 um diameteris
separated from the analysis chamb®rasilicon nitridewindow. Thehemispherical Phoilis

NAP 150 analyser opeestin smaltarea modewith a 1D delaytine detector.

In the work described here, Imid and ImidHCI samples were measured whemndiip
agueous solution. For the solidmpleanalysis)mid was ground to a powder before being
pressed into an aluminium diffential scanning calorimetry pasr a moulded foil pamnd
mounted on an aluminium scanning electron microscefb. ImidHCI is hygroscopic and

grinding was ineffective, ¢bie solid material was just pressed into the pan.

Once the dry samples were in tlaalysis chamber, 3 ml/min argon was introduced to
maintain pressure. A huid environmentwas required in the analysis chamber for the
ImidHClsolution sample as vater vapour adsoréd onto the hygroscopic ImidHG@b form
an aqueous solutionTo dose thevater vapour, a open glass bottle afeionisedwaterwas
placedin the samplechamber(Figure2.11a). The Imid solution was put in a Petri dish, which

was placedlirectly in the sample chamber.
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To further minimise solvent evaporation, these of thePeltier coolerwas trialled A
thermocouple was placed between the pan and the Peltier cooling plate and when
transferred to the analysis chamber, the current visiially set at 1 A and then adjusted to
maintain the temperatureat 278¢283 K. There are clips on the Peltier cooler to hold down
the sample, but it was found that the clips could compress the sides of thelpanefore,

a foil cover over the pan, which calbe held down by the clips, was usgagure2.11b).

Figure2.11 XPSdata collectionsolution sample chamber setup

a) Sample chamber with deionised waterdgmple pan secured with foil

When the analysis work was starteah lanid solutionsample was measured in the chamber
through a range of pressures (1, 5, 7, 11 and 15 mbar) to gaegggnalto-noise ratioand
the stability of the sample. 11 mbar allowed a measurement with an accepsaipiaito-
noiseratio, and at this pressuryatervapourin the chamber condensed and adsorbed onto
the sample and minimised evaporatiariil mbarhad also been used in the analysis of

hydrated bacteria in the literaturf843].

Samples containing water (or other solvents) must beeftdly handled. If for example a
solid is not completely dry before being transferred to the analysis chamber for
measurement, oif a solution evaporates, the sample could movédpuptlue to degassing
and material could enter the nozzle due to the shasrking separation between the sample
and nozzle.The pressurewas reducedslowly to allow residual water to leave theolid
sample. The pressure in the sample chamber was reduced by pumping dd@nidar
(fast), then from 50 to 25 mbarmedium), where the pressure was held until it was seen
that water degassing was complete and the sample was stafir, which the sample was

transferred to the analysis chamber. The pressure was then reduced to 11 mbar.

Measuring theaqueoussolutions was challenging, d@se working separation of the nozzle
and solution samplgaried ImidHCI formed a solution when the solid sample was placed in
the humid environmetand did not require the Peltier cooler to help to maintain the sample
in solution.Refinement of measuring solutions in the NAPS showed that was preferable

to measure aqueous Imid in a Petri dish without additional water in a bottle Peltier
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cooler, as the water in the solution provided sufficient humiditywas de@ed to collect
spectra of the solid samples in a dnargon environment and solutions in ahumid

environment at 11 mbar at ambient temperatures.

2.5 X-ray diffraction

2.5.1 Backgroundand basic theory

Xray diffraction (XRD)methods have been used textract structural information from
materials for over 100 yeaf849]. The first Xray diffraction photograph of a periodic crystal
was acquired in 1912 and confirmed that the wavelength @fy§$ is in the order of
interatomic distance§294]. The analysis of what is tod&pown as Bragg reflections solved

the crystal structure in 191850,35]. Crystalline material structures were derived at first,

but more complex structures such as DNA (1952) and proteins were also established using

crystallographic techniqug294,349]

XRDdescribeghe scattering of the coherent incident radiation when it interacts with the
electron density of the atoms in a sample, and the detection of the scattered quanta

irrespective of any energy exchan@25,351]

If the parallellattice planesn a crystalhe material are separated by a distangg,dwhere

hkl are the Miller indices of the set of plaeand dna is similar in magnitude to the
wavelength of the incident monochromaticr®ys<, the lattice planesact as a diffraction
grating (Figure 2.12) [201]. Diffracted waves in the same spatial region superimpose,
resulting inconstructive interferace ofin phase waveto produce a diffraction pattern of
sharp diffraction spots, or Bgg peaksWaves that are out of phase will cancel out through
destructive interferenceWhen the Xrays superimposeonstructively the difference in
pathlengthisek = gKSNBE y Aada Iy AyldSeeupEiadal yosS

0

EE——— . . ¥ . . .
/, i‘)

dm[ a’ B\b

I ]
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¢ _ CQOEFL Equation14
The diffraction pattern in reciprocapace (@pace) is the Fourier transforof the atomic

spacingn reakspace (rspace)201,225]

With no longrange periodic structure, noarystalline material structures cannot be
analysed from the Bragg ples Xray methods to analyse the structure of liquids usiagX
total scatteringwere developed as early as 191852]. Initially, Xray total scattering
diffraction patterns were used for the classification of liquid types until calculatiethods
such aDebye and MenR Q& C 2 dzNA S NJ nNI39(RfABIPNvery EvekiedR
to interpret the diffraction patterng352].

Distortions in the average crystalline structure can produce desirable real material
properties[354]. Traditional crystallogaphy cannot determine the atomiscale structure of
complexmaterials but differences in the local structure can be identified throughirp
distribution function (PDF analysis[201,354] The PDF method determines local and
thermal disorder ircrystalline materials and, importantly, reveals shard mediumrange
order in disordered materials, including amorphous solids or liquids, or mixtures of these

phasese.g.solutes in solutiorf349].

The PDF is the weighted probability of finding atoms a certain distapae, avhere the

peak positions correspond to bond lengths and timtegrated area relates to the
coordination numberso PDF analysis gives a more complete picture ofy | (i Sridbutef Q a
across the length scalg855,356] The PDF is derived from the Fourier transform of the

experimentallymeasuredreciprocatspacescattering functior{357].

Early neutron diffraction studies replicateeray diffraction pattens, e.g.the study of liquid
mercury in 1954, although the resolution was not as good as they Xnethod[358]. The
development of spallation neutron sources, and the use of neutron diffraction with isotopic
substitution (NDIS) to obtain multiple measurements, renewed interest in the total
scattering technique for determining the local structure of amorphous salndsliquids, as

well as the local disorder in crystalline materials, which was not possible with Bragg peak

analysis along356].

In the NDIStechnique, the neutron diffraction of isotopicalgnriched, but chemically
equivalent, samples are measured. If the neutron scattering lengths of the isotopes are
sufficiently different, thepartial structure factors can be extractexhd Fourietransformed

to give the reakpace partialdistribution functions[225,355] NDIS is a complementary

technique to Xray total scattering, with the methods being combined to determine the
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partial structure factors in some structure analysis studi2z®5,356,359,360]A series of

NDIS diffraction experiments on a system with multiple chemical species with varying
scattering power can accurately determine the partial ghgtribution functiong225]. NDIS

has the benefit of being sensitive to the position of hydrogen atoms, wheregay tal

scattering is not[223] However, whilst NDISan distinguish betweerhydrogen and

deuterium, there is ittle contrast betweensome elements commonly found in organic
samplesg.g.oxygen and carborfhe timescalefor NDIS]ata collectiorcan bein the order

of hours,makingNDISunsuitable forthe measurement ofn situphase change processes
Furthermore, deuteratiorof glycerinefor NDIS analysisf crystallisationresulted inthe

formation of the: LJ2 f @ Y2 NLIK S NJ & KSNJ {0 K linglicatingtSat tekE LIS O (i ¢

technique could impact on theucleation pathway beig observed361].

X-ray total scattering simultaneously captures tBeaggscattering anddiffuse scattering
the scatteringntensity between and underneath the Bragg pef8&7]. Theinformation on
two-body atomic correlationand thudocal structure is in the diffuse scatterirapdis weak

in comparison to the Bragg scatterifp5,349]

The Xray diffraction technique has developed with improvements in the measurenoént
the diffracted Xray intensity, the generation of high energya¢s and improved computing
power, which enabled the introduction of computational techniques for the analysis of
complex diffraction datagection2.9.2) [351]. Synchrotron source generate much higher
energy photonswith shorter wavelengtlts than is possible witHaboratory-scale XPDF
instrumentsthus producing higheresolution data At the Diamond Light Source (DLS) 115
1 XPDF beamlinghe Xray energy E=761 S+ F <, whichis®iheooder pof atomic
spacing of condesed matter However, Xay total scattering is not sensitive hydrogen
position, and there is little contrast between atoms that are adjacent on the periodic table,

which should be considered during experiment design.

X-ray total scattering measurementsan be acquired under process conditions thus is a
suitable technique to probe the structure of a solution during cooling crystallisaXiBDF
acquisition time is relatively short compared to NDIS and other spectroscopic techniques.
Scanning times can lye the order of second®r the acquisition of diffraction patterns with
good counting statistics, depending on the matef62]. High-flux synchrotron beams
further reduce measurement times, allowing for tiresitumeasurement of phase change
processesThe development of fourth generation beamlinggh more brilliant, higher flux
beams, such as the recently upgraded EER8n Grenoble and the proposed Diamatid

upgrade, will yield higher resolution data and ckeér data acquisition times
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2.5.2 Single crystal XRD

SCXRD analysis allows theee dimensionahtomic geometry of the crystdab be solved
from the electron distribution determined from thdiffraction pattern[363]. The position

of H atoms carlsobe estimated based on thelectron densityistribution.

SCXRD was carried out on a sample of the recrystallised GuHCI, and a sample of the
synthesised ImidHCMeasurements were carried out at 130 K on an Agilent SuperNova
diffractometer (Department of Chemistry, University ogédds).The diffractometer was
equipped with an Atlas CCD detector and connected to an Oxford Cryostream low
temperature deviceusing mirror monochromated Cu, Kadiation { = 1.54184 A) from a
Microfocus Xray source. The structure was solved by intriniasing using SHEL}864]

and refined by a full matrix least squares technique based?0BHELXL201364]. The
structures were solved by Dr. A. R. Pallipur&bthpol of Chemical and Process Enginegring

and Dr. Chris Pask (Department of ChemisTrige esultsarein AppendidxA.
2.5.3 Powder X-ray diffraction

PowderX-ray diffraction PXRD]Js a longestablished technique for the phase identification
of a crystalline material by providing the average lwagge structure and unit cell
dimensiong365]. Rietveld refinement of Bragg reflectionsXiRDpatterns overcomes any

deviation from the ideal crystal structure due to dynamic thermal vibrat[86§].

Thet ! b | f & ( ARRD(K-ray-ddiracBoNXacility SCAPEJniversity of Leedswas used
to identify the crystal structureof the as receivedand recrystallised GuH®@ identify
potential differences in the polymorphic forrRoomtemperature XRD scans in the range of
5°<2' <40°wererecorded over 12 miwith step size @16°. ThePXRD patterns are shown
in AppendixA.

2.5.4 X-ray total scattering

Atomic pair distribution function (PDEXperiments,also known as<¢ray total scattering
experimentscan beperformed withan Mo or Aglaboratorysource or, preferably ahigher
energy, more brilliansynchrotronbeam [291,367] At the beamline the coherent X-ray
beam (via a singlerystal monochromator) that isicident on the samplescatters with

scattering anglel |, to a 2D detecto(Figure2.13).
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Scattered X-rays
Sample

120

-

Incident X-rays
—2D detector

Figure2.13 X-ray total scattering sample and detector arrangement

The scattering experiment is assumed to be an elastic prooesaningthere is negligible

change in the incident radiation energy201]. Eis inversely proportional to the wavelength

and related to Qthe wave vector changi reciprocal spacé?), by Equation15, K S NB
Ad KFETF GKS &0FGGSNAY3 Fy3ts w' o

. T1T'OE+ 1“OE+®0
v o) Equation15

X-raysinteract withand scatter fronthe spatiallyextendedelectrondensity of aratom, and
it roughly describes the location of the atom cen[25]. The rate atwhich Xrays scatter
isdescribed bythe scattering crossection™ 11 Theincident fluxs f the incident beam is
the number of incident quanta per second per unit cresstional areaThe XPDF technique
measures theé-ray differential scattering crossection (DS§ for the diffractionthe beam,
as definedby Equation16 [225]wherem NB LINBa Sy (i angld KS dzy Al &az2f AR
Q, &8 06 O 6o onoli WD HED ORQd Qe &y .
HT] B Am Equation16

The raw data collected on the 2D detector is corredimdthe internal dark current by the
generic data acquisition software at the beamal, before being integrated to producelD

scattering pattern, known as the structufactor S(Q) Figure2.14).

s@) |

\
i
e

Q /At

Figure2.14 Schematic ofX-ray total scattering 2D patterrdata collection which is inegrated
to acquire thestructure factor for GUHCI

11 (No. electrons excited per unit time) / (No. incident photons per unit time per unit area)
[207]
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S(Q) when corrected to account for backgrounds, absorption, multiple scattering and
Compton scatteringgives the reduced structurdactor F(Q) (=Q[S(&Q)]) [368]. F(Q) relates
to the Qdependent Xray scattering factor§(Q)by Equationl7[369]

”n Gl p ,Q ” T o, ol T o ot .
Ovu 5 wQu ¥ w'Qu Equationl17

where the material containkl atoms ofn chemical species of atomic fraction

The DSSis essentially proportional tthe structure factoiin a monatomic systengr where

there are multiple atom types, to a weighted sum of partial structure factioas take the

varying atomic form factors into accouf25]. The Qdependence of Xay scattering form

factors means that the evaluation ofr&y pair correlation functions is netnvial, as a
WAKFNLISYAYy3 FFEOG2ND Ydzad oS FLILIXASR @iz | OO
[356,369]

For systems with multiple atom types, an approximation of the weighted average form
factor is applied to handle the otherwise complexd€pendencd245]. The DSGcomprises
atotal interference functiordescriling the interference of waves between different atoms

0 WR A &eim)ayidais€zond W & Rdrrit descriling the interference due to atoms of the

samechemical speciesaveraged across the whaample(Equationl8) [225,369]

P

@)

P ~ R o :
5 v Ov ww Equation18

gl

A highly-accurateF(Q) requiring careful data reduction is needed for the study of liquids
[291].

A number of publications have tried tiefine the formalisms employed in neutron and X
ray total scattering analysisas there is some vatian across different research
communities[291,349,356,368371]. To summarise théerminology used here(s(r), the

realspace differential reduced pair distribution functias,definedin ref. [371]:

O ool P Equation19
where "¢ is the averageatomic number densityand g(r) (= " (r)/ o) is the atomic pair
distribution functian [370] and " (r) is the atomic pair densityAs r 0 the slope of the

function G(r)is 1“ I' . G(r)tends to 0 with increasing rThisparameteris particularly
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useful for the study of liquids and solutions, as it helps to emphasise meginge

interactions.
TheFourier transfornof F(Q)yieldsG()) (the total scattering PDF) iyquation20[245,367]

. q R
Oi = Ou OEUiI Qu Equation20

where thewave vectorangeQmaQmin islimited by the experimental apparatus.

As partial structurdactorsS; (Q), cannot be accessed directlging Xray total scattering,
the structure models of the probed systems genertteir reatspace equivalerst which,
whenFourier transformed andombined,make the total structurdactor S(Q)245]. In this
way, the structure generated by the molecular model may be comgbto the experimental

data.

AlthoughPDF peak resolution is directly proportionalQgax achieved by collecting over a
wide scattering anglea lowerQmaxmay be applied toemove highQ data with a low signal
to-noise ratio[365,367] Whilst the low-Q region represents longange order the diffuse
scatteringbetween and underneath the Bragg peakises information on the short ah

mediumrange atomic interactiond{gure2.15) [201].

F(Q) ‘f | _{ Low r:intramolecular 8(r)
| i interactions

l Fourier

(| i~ —— | transform '“‘H "‘I"

Intermolecular
correlations

[ 1 Diffuse intensity ‘
(local structure) M

Q /A1 r /A

Figure2.15 Features of theF(Q) and g(r)derivedfrom the Fourier transform of F(Q)or solid
GuHCI

The characteristics of the pks provide a structural fingerprint of the material being
analysed, withpeak positions giving sepresentation of theY I (i S NakerageQatomic
distribution, and the area under the peaks indicating the coordination number at a given r
spacing[201]. Partial pair distribution functionsare extracted from XPDpatterns using

computational methods (detailed in Secti@rb.2).

The coordination of one atom around another in a material can be quantified by measuring

the number of atoms that can be found in a volume around the central atom. The minimum
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and maximum radiinin and ax Of the probed volume are related byak= fmin+ nr. This
process can be repeated, by incrementatigangingnr, to determine the frequency

distribution of the atomic pair.

Todetermine theatomic pairdistribution function g (r), the measuredlensitydistribution
is normalised to take into accouttie expected (ideal) distribution if the atom types were
equally distributed throughout the materigd70]:

GQOI 6Q®@E I | "Qawio 0 Qé

“Q i try ) P} [ g 7 Y 4 \ 1
l QM@ 01 Qo o Q¢ ¢ Equation21

In the lowr region, wherehere is repulsion between atomg, i(r) = Q. g i(r) tendsto 1 with
increasing r as the measured structure approaches the ideal structure. The partial
distribution function describes the correlation between a specific pair of atom tygieisg
understarding of the material structur§372]. The coordination number:n, (atom typei
around atom typeh), due to steric or intermolecular interaction effects calculated by
integrating under thepartial distribution functior{193]:

& v L Equation22
where” is the atomic humber density dfie probed system and ¢s thefraction of atoms
that are typel . The partial distribution functiondoes not give any directional information

on the position of the atomic paif201].
2.5.4.1 XPDF beamline diamond Light Source (DL &)5-1

The XPDF experiments detailed in this thesis were conducted at beamliiedtl®LS
(Figure2.16) [373].

2.5.4.1.1 Beamline instrumentation

The 766 keV beam has a spot size of ~78@ (horizontal) x 20>m (vertical) via a
horizontally focusingi(311) Bnt-Laue monochromator and a vertically focusing multilayer
mirror [373]. The beam flux is tuneable to suit the probed materfdie two detectors, for
diffuse and higkresolution Bragg scattering data, are independently positioned to optimise
the sampleto-detedor distance. For the diffuse scattering needed for XPDF analyaigea
area Perkin Elmer detector (PE XRD 4343 CT deteessr used (active area 482 x 432
mmmpn >Y )JIAESt &Al S

The positioning of the detector and the higimergy beamgivesaccess to @ ¥ 40 AL

However, the inherently diffuse scattering from materials with low structural coherence

2.5 X-ray diffraction 65



Chapter ZReseach techniques

does not require data collection to a hi@hax[201]. Organic materials are weakly scattering
and have a poor signal due to thermal atomic motjd6é7]. It is therefore more difficult to
acquire good counting statistics at a hi@haxfor such amples, so using as&xthat is lower
than the experimental maximum when processing the data reduces unfavourable-&gignal
noise ratio[367]. However, as organic materials tend to exhibit lowdidsstate symmetry,

it is possible to acquire good information on the changing bond lengths at a @weiThe

data for the organic samples considered here were processed using Q1 AL

Figure2.16 Layout ofXPDFbeamline 1151, DLS

To postprocess the Xay total scattering data and extract the reduced structure factor, the

following datasets should be acquired:

1 Calibration material (silicon in the capillary or Kapton tube) for beamline alignment
1 Sample environmente(g. capillary or Kapton tube) or background materialg(
solvent in capillary or Kapton)
I Sample data
For background subtraction,-rdy total scatering data of the sample environmerd.g.a
blank capillary, should collected for (at least) the same statistical accuracy as the sample

data[201].

The highlevel wokflow for the collection of Xay total scattering data is summarised in
Figure 2.17. The method employed will dependn, amongst other thingsthe type of
experiment that you are runnin@ex or in sit) and the type and scattering potential thfe

sample(see the decision points highlighted in the workfldvigure2.17).
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Figure2.17 High-level workflow for Xray total scattering data collection

Developed with Dr. R Pallipurath and A Pugejs
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2.5.4.1.2 Sample mounting

Threesamplemounting configurationshave been used fathe data collection outlined in

this thesis spinning capillaries; static capillaries; and a static Kapton tube.

The powder and some liquid and solution samples were measured in borosilicate glass
capillares. The samplesin 1.5 mm OD (1.17 mm ID) borosilicate glass capillaries were sealed
with clay (Sectior2.2.3 and mounted on the multcapillary spinner (max. 15 sates,
Figure2.18a). Spinning the sample improves powder avera§®d®], and averages out the
curvature of the capillarySample packing is estimated to be 0.5 for powder samflbs.

alignmentof the capillaiesis consistent, as theareheld in placewith (drill) chucks

As one beamtimesession involved a large capillargx (sit) data collection, a high
throughput sample holder wasommissionedy the beamline scientiste minimise sample
changeover time (Figure2.18b). Thehighthroughput holder holds up to 50 capillaries and
can be filledex sity whereas the capillary spinner holds up to 15 capillaries (13 at the time
of the experimentiand requiredthe capillaries tde mounted individually in thbutch. The
high-throughput sample holder requires borosilicate capillaries with a 2 mm OD, compared
with 1.5 mm OD for the spinning capillary holdéargerdiameter capillaries can be
beneficial for organic samples, which are weakly scattering, to iseréaeacquiredsignal

althoughgeometric effects can reduce the PDF resolufie®i].

The2 mm capillariesvere heatsealed ¢ee Sectior2.2.3.]). In this case, as the capillaries
are static, there is no averagiraf the curvature.Although it could be seen from the
experimental hutch that the beamosition was roughly centrabnly two sample positions
were fully calibrated using silicatvalidation of the data from the higthroughput sample

holderis addressedh Sectior2.5.4.1.4

The solutions and solvent samples in theitucrystallisation experiment were measured in
a 6 mm OD Kapton tube that was mounted on the bespoke hokigufe2.18c). With a
much larger diameter than the capillaries)yinaccuratesdue to the curvatureof the static
Kapton tube is much lower than for the capillariisivas noted that the circulation of the
solution or solvent systems using a peristaltic pump could introduce pulsation Kethien

tube, especiallyat higher flowrates. Tis problem was considered flowrate selection.
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Figure2.18 XPDF sample holdeit beamline 1151, DLS
a) multicapillary spinnerb) highthroughput sample holderand ¢) Kapton tube

2.5.4.1.3 Data processing

The generic data acquisition software at Rumatically applisthe initial corrections for

the internal dark current to theéaw dataduring data collectionThesenormalised structure
factor data sets S(Q), are further reducadd normalisd with the GudrunX software to
account forthe backgroundcontribution from thesample containeand surrounding ajr
sampleabsorption, multiple scatteringnd Compton scatteringvents,fluorescenceand
composition and geometr{238], to give the interference differential crosectin F(Q)
Multiple scattering or absorption of the higgnergy Xrays used in XPDF analysis is generally
not significan{201]. The Qdependent background is removedth atop hat functionprior

to Fourier transforn{365,368] GudrunX can use one or multiple frames of data to produce
F(Q). The Fourier transform of F(Q) leadthreducedPDFG(r)[365,368]

Errors in the final readpace PDF may arise from a number of sources, including: termination
ripples that are introduced in the Fourier transform process of the data from reciprocal
space to reabpace; lowresolution measurements that are limited by lo@max or
instrument resolution; insufficient counting statistics; or inaccurate data corredB8@d].
Termination ripples are minimised where,Q> 30 A' [374]. Qnax Should be selected to
ensure that broadening due to terminatiors insignificant compared with thermal
broadening[374].

The atomic composition of the sample is applied in the GudrunX processing, along with the
requiredtop hat width, broadening facto(because of the finit&max applied[201]) and a
broadening function of width 0.125 A to reduce the appearance of termination ripples in the
reakspace distributionA top hat function width of 3.58* and i, = 0.65 A (to remove

artefacts in the structure below this valuaje applied inhis analysis.
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Analysis of the Xay total scattering data using computational methods (Secti&n? can

be used to identifypartial pair distribution functionssg(r) fromintermolecular interactions.

2.5.4.1.4 Capillary sample holder validation

The highthroughput sample holdedescribed in Sectiof.5.4.1.92 was used to mount the
GUuHCI solution and deionised water samples for the GUHCI concentration Ghaiytér 3.
Spinning the capillary averages ougtburvature of the capillary in the region through which

the Xrays pass. In a static holder, this averaging does not happen hence it is vital to validate
whether the sample geometry.e. static or spinning capillary, affects the quality of the data

acquied.

This section reports the results of the comparative stgaf the XPDF patternfor water
when measured in a 1.5 mm and 2.0 mm capillariesaddition, he effect of the data

collection format (single or multiple frames) and length of scan collectre considered

Data colletion: Data were collected as shown Tiable2.2. For background subtractiod:
ray total scattering data of blank 1.5 mm and 2.0 mm capillaxie® collected for at least

the same amount of time as the sample data.

X-ray total scattering dta for the6 M GuHCI sampleere collected twice with20 frame x
30 sandtwice with a singldrame x600 s,to confirm reproducibility in the higithroughput
sample holder and to examine the effect of data collection time. The frames in the multiple

frame scans can be processed individually or in groups of up to 20.

Table2.2 Background and sample scan times

Sample Background scan (empty Sample scan
capillary)
1.5 mm water 1 frame x 600 s (60€) 20frame x 30 s (600 s)
2.0 mm water 3 frame x 600 s (180£) 20 frame x 30 s (600 s)
2.0 mm 6 M GuHCI solution 3 frame x 600 s (180£) 20 frame x 30 s (600 s)
6 M GUuHCI repeat measurements 3 frame x 600 s (180%) 20 frame x 30 s (600 s)
6 M GuHClI sing frame (plus repeat) 3 frame x 600 s (180%) 1 frame x 600 s (60§)

Capillary spinner vs static higithroughput sample holder comparisonThe capillaries in

the highthroughput sample holder are not as accurately geometry optimised in the data
collection position as the capillaries in the capillary spinner due to the lack of averaging of
the cylindrical geometry.-Kay total scattering data for water samples were collected from

a 15 mm capillaryin the capillaryspinnerand a2.0 mm capillary n the static high
throughput sample holder to verify that the similar data is generated. The data were
processed using GudrunX and the resulti(@)Fg(r) andJr) patternsare shown irFigure

219
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There is reasonable agreement between the 1.5 mm and 2.0 mm capillaries for each of the
datasets. A degree of variability between repeat total scatteritagasets of the same
material is epected [375], all the more so for a liquid system where the molecular structure

is dynamic. Only a subtle difference in g(r) and G(8 &t is noticed in this cas€igure
2.19b), where the data collected from the spinning 1.5 mm capillary show two interactions
while data from the 2 mm capillary suggest one broad range interaction. This subtle
difference may be due to errors introduced during the Fourier transtdiom. The EPSR
molecularmodel refines simulated sitsite partial structure factors to the experimental
structure factor data, and so if the features hspace are artefacts because of tReurier

transform process, they will not occur in the simulation.
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Figure2.19 Comparison of a) F(Q) and &)f) andg(r) for water samples in 1.5 and 2.0 mm
capillaries

Study of thelength of data collection and repeatability of XPDF measuremeéntshis
section, Xray total scattering data collection for the 6 M GuHCI aqueous solution was
repeated to see if the data sets are comparafilalfle2.3). The measurements were made
with the same 2.0 mm capillary in the same position in the fiighughput sample holder,
although the measurements were not all taken consecutively thus the holder posrasn

moved between the repeated data collections.
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Table2.36 M GuHCI 2 mm capillary & background scans

Scan number Scan name Number of Length of frames  Total scan
frames /s length /s
26556 Emptycapillary 3 600 1800
26599 Multi_1 20 30 600
26604 10min_1 1 600 600
26605 Multi_2 20 30 600
26615 10min_2 1 600 600

Datasets Multi_1 and Multi_2 were processed using identical composition and processing

parameters €.g.polarisation and sampleackground) in GudrunXigure2.20a & b). There

are clear differences at ©14 Al and rf 1 A. Features at low (<1 A) may be affected by

termination ripples dudo the Fourier transform process. This effect can result in artefacts

e.g.features that are not real, or incorrect scattering intensities. The 10min_1 and 10min_2

data sets were more similar when processed with identical paramefegsie2.20 ¢ & d).

a
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=
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=
b o]
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/
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Figure2.20 Comparison of F(Q) an@(r) with identical processing parameters

(a&b) multi_1 andnulti_2 (averaged 20 frames of data, 30s each frana@d (c&d)
10min_1 and 10min_#gsingle 10 minutdramesof data)

These tests indicate that better results are achieved when the processing parameters set in

GudrunX are refined for each dataset. Thaechklprocessing of multiple sets of data using the

2.5 X-ray diffraction
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same parameters may be suitable if there are many scans to process, but each set of
processed data would need to be checked so the best results would be provided be

individual scan processing.

When each iniyidual data set was refined segaely, the F(Q) an@(r) of Multi_1 & 2 and
10min_1 & 2 are similaF(gure2.21). Again, there are some lendifferences that are likely
due to termination ripples. There are also differences between the singtee and the
multiple-frame G(r) at around 4.5, 7 and 8 findicated with *) These features, like the
features atr <1 A, are low intensity, so their positicand area are heavily influenced by the
termination ripples generateduring the Fourier transforA? that represent the larger peaks
beside them. The XPDF patterns for the multiiplene scans(Multi_1 and Multi_2) have
clearer peaks indicating better resiion data than the singiframesscans(10min_1 and
10min_2) although both sets of data have similemunting statisticsThis observation is
potentially due to thepoint at which the data is averagday the generic data acquisition

system(before or after theintegration of the 2D diffraction patterns)

Comparison of the four completerdy total scattering data sets (Multi_1 and Multi_2, and
10min_1 and 10min2) shows that, although there are some slight differences in intensity,
the two data collection strategies of one single 10 min frame vs 20 x 30 s frames result in

acceptably similar F§QndJ(r) features

S
('R
B
£
5 i
Multi_1 ‘ Multi_1
| 10min_1 | 10min_1
Multi_2 _ Multi_2
10min_2 10min_2
0 FI: 1I0 1I5 2I0 0 é 1b 1‘5 2I0 2|5 .’5‘0 3I5 4I0 4|5 50
a QIA? b riA
Figure2.21 Comparison of a) F(Q) and yr) for 6 M GuHCI Xay total scattering data

collections

Effect of collection time Increasing the time that-¥ay total scattering data is collected
increases the signab-noise, making features in the scattering pattern clearer. To look at

the effect of data collection time on the GuHCI solution data, different numbers of frames

12 The Fourier transform of the tepat function applied to the structure factor is a sinc
function
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of scan 26599 (sets of 1, 5, 10 and 20 scans) were processed together in GudrunX. There is
significant noise in the hig® region after a single frame (30 s data collection), which is
significantly reduced with the combination of five framdsglre 2.22a). Doubling the
number of frames from five to 10 has little impact, but with 20 frames, the data is smoother

at highQ. Increasing the data collection statistics by a facton @icreases the signéb-

noise by a factor dfn [376], which is roughly in line with what is seen heretha G(r) plot
(Figure2.22b (*)), there are two features between 9 and 10 A with one and five frames, but
just one peakvith 10 and 20 frames. A 30 s scan does give a good indication of the structure
factor and related of a GUHCI solution sample, but it should be noted that some of the

smaller featuresisould be treated with caution when interpreting the data

In thein stu study Chapter 4, data were collected in 30 s frames. This comparative study
indicates that the structure factors collected in that time should have sufficient counting
statistics to give broadly reasonabl®P patterns, although slight differences in features
compared to a system that is measured for a longer time period could be expected. There is
noise even at Q = 21*Awhich is much lower than what can be measuesgerimentally
andmay cause some distiion at lowr (Figure2.22b (inset)). However, in the caséthein

situ study, the selection of the data collection time was a balance between capturing
sufficient counting statistics for a reliablstructure factor and recognising that solution

structure will be changing with the decreasing temperature (cooling ¥ate)

T
——— 20 frames
—— 10 frames
5 frames |
—— 1 frame

T
20 frames
—— 10 frames A

5 frames |
1 frame

AN

—

FQ)

G(r)
. . .

56 7 8 9 1011 12 13 14 1F
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0 5 10 15 20 0 10 20 30 40 50
a Q/A’ b riA

Figure2.22 Comparison othe effect ofcollection timeon data quality:a) F(Q) andb) G(r) for 6
M GuHCIX-ray total scattering data collections

1, 5, 10 and 20 frames of data from the same data collection were averaged to see tr
effect on the data quality

13 Future in situ experiments will benefit from better time/temperature resolution with
faster data acquisition for example withrXy FreeElectron LasefXFEL)
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As EPSRiodellingis based on statistical averaging, it is likely that any small differences in
the measured S(Q) and resultant g(r) would be averaged out. This comparistaiaof
acquisition protocols has been useful to detenmithat there are no significant differences

in the principle XPDF pattern featurbetween the single 30 s frame of data, as is acquired
in the in situ study, and a600 sdata set with higher statistic3n the comparison of the
molecularstructures of the different concentratiorsf GUHCI solution<hapter $, the 600

s X-ray total scattering data setwe usedto maximise theavailable counting stistics

2.6 Scanning electron microscopy (SEMlagingwith Energy
Dispersive XRay(EDX

Scanning electron microscopy (SEM) generates-feighlution images of a samplender
vacuumby scanning the surface with a highergy electron beamwhich is focusedsing
electromagneticlenses [377]. The electrons interactwith the sample, elastically or
inelasticaly, to generatesecondary electrons (SBgackscattered electrons (BSk)X-rays

By scanning across an area of the sample surfemges of the & | Y Libgd@@aphy and

underlying structure can be created

Inelastic scattering results in energy transfiesm the incident electron to the electrons in

the sample. If the transfer of energy is sufficient to cause ionisaticamipleatoms, SE are
emitted from the sampld377]. SE are much lower energy (< 50 eV) than BSE and because
SE are from the top few nanometres of the sample, they generate images of riy@esa
topography.The brightness of the SE image is related to the energy of the detected SE.
Although BSE produce lowegsolution images than the SE, they provide information from

further below the material surface than $&7].

If the incident electron is deflected with negligible energy sf@n (elastically) and the
deflection is>pn ¢ Zare.pfo@uced377]. When they escape the surface of the sample,
BSEare higherenergy than SH> 50 eV) having undergone single or multiple scattering
events.Backscatterings increased wheelectrons aredeflected from higher atomic mass
(high-Z)elements Higherenergy incident electrons penetraferther into the surface of the
samplethus increasing th@olume of the sample that is probd877]. The penetration of
the electron beam is greater with increasiagcelerating voltage andhen the sample

contains lowZ elements.

2.6 Scanning electron microscopy (SEM) imaginy ®itergy DispersiveRXay (EDX)
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Energy Dispersive-Ray(EDX)spectrometryis amicroanalysis method that identifiehée
elemental compositiorof a samplefrom emitted X-rays (H, He and Li cannot be identified
by this method)378]. When an atom is ionised due to the excitation otare electronan
electron from a higheenergy level will fill theracantcore-hole, resulting in the emission of
a photon geefluorescence emission igure2.4). The energy of the emitted photon will be
indicative of the emitting atomThe relativéntensityof the photon emissiopeaks othe is

used forelemental quantificatiof378].

A Hitachi TM3030PIuabletop scanning electron microspe was usedor SEManalysis of
GuHCI samples (asceived and recrystallisednd EDX analysis of ths receivednaterial

The results of this characterisation waake in AppendixA.

2.7 Helium pycnometer density measurement

For the processing of thia situX-ray total scattering data, the density of thecrystallised
GUHCI is required. The sample of recrystallised GuHCI was measuredausirggmo
Pycnomatic ATC helium pycnometefelium pyoometry is a gaslisplacement technigue.
Helium is used due to its small atomic size, which allows it to entepdhes of the probed

sample, and its ideal gas behaviour at room temperature.

The dried sample, of known weight, is put into sample cell of known volume. Helium gas is
introduced into the sample cell. The helium is then expanded into a second cell of known
volume.Asthe volume of an ideal gas is inversely proportional to its pressu. 2 8 f SQa f | ¢
the volume of the gam the sample and therefore the volume of the solid mateniatan

be determined. From this, the solid sample density can be calculdteel.results of this

characterisation work are in Appendix A.

2.8 Crystall6

Solubilitymeasurements of eight concentrations of aqueous GuHCI solutiens carried
out using twoTechnobis Crystallization Systems Crystall6 benchtop crsatialti units
[32]. The data were analysed to inform the concentration of solution that should be used for

the in situXPDF crystallisation study.

Crystall6 usesutbidimetric detectorsto monitor the dissolutiono WOf S| Mhd L2 A y (i ¢
crystallisation6 W O f 2 dziempelatdrgsaf @ olute in a solvent. Initially, the solution
turbidity is tuned to set the starting transmission to 100%. fully dissolvedA reduction in

light transmission indicates that nucleation has occurre@®.ml solution in 1.5 ml vials are
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heaed and cooled thorough a set range of temperatures at defined heating and cooling
ratesbetween 5 and 78C, including holding the solutions at set temperatures for a time
before continuing the temperature cycling, if required. The solutions are st{i#@d rpm

with micro-magnetic stirres (7 mm x 2 mm OD).

Solutions prepared 4t.0, 2.0, 4.0 and 6.0 Klinit 1) and 7.0, 7.8, 9.3 and 9.8 M (unitn@&nt
through two sets of investigations at different heating and cooling raléedetails of the

heating and cooling cycles and tresults of this characterisation work are in Appendix A.

2.9 Computational methals

This section outlines the computational analysis methods applied in this thessitun
chemistry calculationsto geometry optimi® structures forDFT/TDDFMmolecular orbital
analysis to generateK-edge X-ray absorption spectrdor XRS experimentalata analysis
(Chapter 3, andto establish starting geometries fahe Empirical Potential Structure

Refinement (EPSR) simulatid@hapter 4and Chapter 9.

Computational technigues available for the modelling of XPDF data are outlined, with details
of the application of POfui for the analysis of solid XPDF datal EPSR for the analysis of

liquid andsolution sysemsused in this study
2.9.1 Quantum chemistry calculations

DFT and TDDFE&lculationshave been undertaken using ORQGArsion 4.0.0)379]on ARC,
the high performance computing cluster at the University of Le€aRCA is a quamh
chemistry program thaallowsab initio, DFT and semiempirical SKAP (seltconsistent field
molecular orbital) calculationg379]. Localdensity approximations(LDA), generalised
gradient approximationGGA), meta&5GA, hybrid, doublaybrid, and rangeseparated
functionalsare available in ORQ380]. ORCA applies DFT code thses ahighly-optimised

numerical integration algorithm for the exchangerrelation

Basis setin order to calculate the energies of molecular orbitdle orbitals must be
defined by mathematical function$251]. Wavefunctions are used to describe the
probability density ofnelectron in an atomic orbitalWhen consideringnolecular orbitas,

a series obasis functiongthe basis sétare used to approximatthe linear combination of

atomic orbitals (LCAQ251].

The selection of the basis set for quantum mechanical calculations is a compromise between

the required accuracy and the calculation c§381]. As the complexity of the system
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increases, so should the applied level of thedigr simple (single atoms) systems, a minimal
basis set may be suitable, hiliey cannot describéhe anisotropic distribution of electrons
in molecularorbitals[251,382] Anincreased number of basis functions agplied by using

a doublezeta(DZ) triple-zeta(TZ)or quadruplezeta(Q2 basis sef382]. Apolarisablebasis
setallows forthe deformationof the electron density382], which is important irmolecular

systems

Gasphasecalculations were initially carried out with a Pol@1G* basis seta standard,
splitvalence doubleeta basis setmodified for polarisation but as it was originally
optimised at a Hartred-ock levelit is less suitable for the correlated calculatidB83].

Instead, a minimalkaugmented madef2-TZVP basis sé{384]has beerappliedin all ORCA

guantum chemistry calculations.

Polarised basis sets developed bynning which are optimised using correlated CISD
(configuration interaction, singleand double excitation) wavefunctions, provide a
description of correlated systembut are computationally cost[381]. Karlsruhe basis sets
which are modifiedDunning basiseds and have been shown to reproduce interaction
energy data that is competitive with the Dunning basis sets, rage been further
developed for organic compoungsnd so have been applied hd@81,385] The triple zeta
T24/P, which was developed to be suitable for l&velements KicRn), is suited for
guantitatively accurate DFT treatmen{g larger, more costly, polarisation would be
required for Hartree-Focktreatments). Examples of its use for the TDDFT analysisddés

are seen in the literatur§s7,386]

The Coulomb fitting auxiliary basis s&tdef2/J provides good geometry optimisation with
low bond length and angle errors and is considered adequatedocovalent interactions
and iongation potentials and as suchs suitable for the calculation of geometries and

conformational energies of organicropounds[381,384,387]

The RIJCOSesolution ofthe identity (RI) approximation388]speedupthe hybrid TDDFT
calculation$6[379,389] and thediffuse basis functionseeded for excited state calculations

in the form of minimallyaugmenteddiffuse basis functiongna-def2-TZVPprovide agood

14 valence triplezeta basis sewith polarisation function
15 Approximate Coulomb energies in conjunction with orbital basis sets of split valence,
triple-zeta valence and quadruple zeta valence quality

16 By expanding the electron density to allow faster calculation of the Coulomb al¢egr
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costaccuracy compromisand is sufficientfor weakly bound system§390¢392] The

minimaly-augmentd basis seallowsthe use of a larger zeta sgg92].

Dispersion forces should be consideréa particularfor organic moleculego help describe
interactions such as hydrogen bonfg93,394] The applied D3 semiempirical dispersion
correction accounts for @sis set superposition errors and London dispersibectsand is

suitable for use where there are weak intramolecular interactif3®b,396]

Functional:B3LYP, a hybri@@% Hartree~ock exchangdlinctional withlocal and gradient

corrected exchange and correlation terms, was applied for most calculd888s397]

Frequency clulations: Vibrational analysis was performed on eagometryoptimised
system to ensure no imaginary modes were presemhich would indicate that the

geometry was not at a local energy minimum

TDDFTTDDFT enables an analysis of the transition st is used to calculate-édge

absorption spectra by restricting the donor orbitals for core level excitafi8dg].

EPSR geometry optimisatioThe geometry optimisation dsdm’ for EPSR simulatiornd
GuHCI wasnitially carried out usindRKS BP86 RI SVP defa/deview using théunctional
and basis satdescribed aboV¥ resulted in a bond length difference of around 186.the
molecule geometries are not fixed in the EPSR simulation, the EPSR simuiatiensot
rerun based on this alternative optimised geomeife geometriesf the water molecules

used in the EPSR simulations (TIP3P and SPC/E) were defined in the literature.
2.9.2 Computationalmodellingfor X-ray total scatteringanalysis

In XPDF analysis, computational analigssiequired to fit thestructural models to the data
andextractquantitativelyreliable information[371]. There are many tools available for the

analysis of Xay total scattering datand selectinghe appropriate tool depends on the type

andlevel of complexity of the probed system.

a2RStftAYy3a (SOKYyAldzSa -0@IEQ o-§RRADMES REDR ¥ ¢ 2 { W
methodsuse Rietveld refinemenb fit theoretical structure data to experimental data by
varyingcrystallographigparameters[398], e.g. Diffpy-CMI[399], which can integrate data

from a range of experimental inpytsuch aseEXAFS or TEM, torovide additional

constrains, andits relatedgraphical user interfacexINTERPLB50,400] for the analysis of

organic crystal structuresSTOPA$356,401] and PDFfit2PDFgui which isprincipally for

17B3LYP RIJCOSX Ddei@-TZVP def2/J
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nanoscale studieg402]. This type of analysis isuitable for materialswith periodic
structures, butnot liquid or amorphous materials, or crystalline materials with significant
local disordef403]. Bighox methods involvenoving theatomsaroundin astructuralmodel

to minimise the difference between the experimental and calculated, PREn using the
reverse Monte Carlo methof898], e.g.RMCprdile, with periodic boundary conditions, for
modelling the local structure of crystalline to amorphous materials, or liddid4,405] and
DISCU54], which has been developed to build complex models and identify local disorder

in crystallinematerials

EPSRombinesthese approaches, as trstructural model is developed by applying a small

number of parametergsbeforeit is then refined to theexperimental datd398,406]

A new code based on ERERssolve is n developmentand is capable of handlinguilti-
phase systemwith up to k1 atoms[407]. Dissolve wiltombine the modelling and data
analysis of EPSR and dlpyule8]in one packagehowever it is still undergoing testing and
so could not be applied in thigudy.

In thisstudy, the structure of solid materials (as reference XPDF patterns) will be analysed

using PDFgui, and the liquid and solution structures will be analysed by EPSR.
2.9.2.1 Solid XPDF analysis

PDFguis thegraphical user interface ¢tDFfit2zandrefines crystallographic structural data
(available from thecrystallographic informatioffile (.cif)) to experimental PDF datfd@02].
PDFfit2 ibased on the reaspace Rietveld refinement techniqge a with crystallography,
Rietveld refinement is applied to develop a crystal structure model consistent with
diffraction data The tool adjusts the crystal structure and instrumental parametersl timei
structural data matches the XPDF dpt@2]. Experimental factors, such as temperature and
Q-range, are taken into account for the refinement, alongside lattice paramedels €and

h 3 )Jjadmic positions, @DF peak broadening term related to correlated atomic mgtion

and displacement and scale fact¢492].
2.9.2.2 Liquid and solution XPDé&nalysis

The two main methods for theefinement of 3D structural models to interpret total
scattering data of noiperiodic disordered (liquids and namystalline) materials
RMCprofile and EP$E25], are both based on Mate Carlo methodsMonte Carlo methods
are based on BoltzmaHike statistical mechanics distribution® generate probable

structure model solutionf257].
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Reverse Monte Carlo (RMC) methods are used to generatelecular moel, for which a
reduced structure factor F(Q), and pair distributifumction g(r), iscalculated[403]. The
ensemble of atoms are moved at random, with the movement beaugpted ifit results in
the computed functions being closer to the experimental déiased on a? comparison, or
according toa certainprobability (analogous to a Boltzmann factor MC simulationsif the

fit is worse[225,403] There is no requirement to apply a force field to the particles in the
first instance[404]. One potential challenge to the robustness of the molecular structure
generated by RMCpribé is that there is likely to be more than one configuration of a
statistical ensemble of particles that could be consistent with diffraction ,dalidough

arguably, this would be expected in natj#99,410]

EPSRvas initially created aiSISNeutron Sourcefor the interpretation of neutron scattering
data and it is also suitable ftre analysis of Xay total scattering datdt is the only available
software for the analysis of the liquid and solvated systeBRSRvolved fromthe RMC
method, butimplement pairwise-additive interaction potentia (the reference potential
RP, also referred to asthe seed potential in the literatureto drive the interatomic
interactions and therefore the sitesite-pair correlation functionsin an ensemble of
particles[409,411] A complete account of the development of EPSR can be found in the

literature [406,409,411]

2.9.2.2.1 Overview of EPSR

EPSR is a Montearlebased modellingool for the visualisation of total scattering data by
produdng a statisticallyprobable molecular streture modelof the probed systenj257].
BPSR aimdo produce a simulated differential scattering cross section that fits the

experimental datahrough the random movement of components in the simulation.box

EPSR first captusalistinctive features in the probed system, for example hydreg@mding
between water molecules and water structure in agueous systems, or ionic charges, using
the RP (atomic potentials applied to each atom typed5]. Perturbations (empirical

potential EP) are then introduced to refine the fit to experimental daGb].

The simulation box starts with the same sample composition and sample prapertie
including temperature and atomic number density, as the real samking tke RP
comprising 126 LennardJones potentials and Coulomb chargas atomic configuration is
generated without reference to the experimental dafthe atoms and molecules undergo
small random moves througholeculartranslation, rotation of the whole molecule or a side

chain or atomic moves. Based on the Metropolis MC algorithm, if the move causes the
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potential energy of the system U, to reduce, thew configuration is acceptg@57]. If U

increases, the move is accepted with a probabMitydescribed bf257]

0o A @aﬂ Equation23
oy quation

wherek is theBoltzmam constant and T the temperature in ®nce thed & a { gotérdal

energy has stabilised and the model is structurally equilibrated, the experimestated

structure factor F(Qis used to guide the molecular configuratimrthe EP staggt12].

The introduction operturbations to the RP by way of the Elduceghe differencebetween
calculated and experiment&(Q)values,ncreasngthe goodness of fit to the experimental
data. This stage of the simulation results imare statistically probable configuration than
would be achieved if the atomic force field data alone were applied. However, it is important
that the initial RP data produces a configuration that gives a reasonable fit to the data before
applying the pertwbations via the EP. There are no laagge effects on the potential
energy, in part due to the limitation of the range over which the EP can be agab&d

which may affect how well EPSR models a system with chargedltoerefinementof the

EPSR model fit is based on comparison of the simulated to experimental structure factors,
rather thanthe comparison ofrealspacedata, to avoid fitting norphysicaltermination

ripples in the PDF introduced during theufer transbrm procesq235].

Discrepancies between the scattering data and the simulated structure will always be
present and cannot be fully accounted f@35]. Errors maybe introducedat low-Q (<2.5

A% during the processing of the data, in particular when subtracting the background and
estimating the inelasticity aoections (due to electron recoil in the case ofay total
scattering)[224,235] These errors are greater ftow-Zsystemg235]. In the case of these
data, the background subtraction may have introduced errors due to the potentially
imperfect geometris of the static capillaries in the highroughput holderg the instrument
calibration was undertaken on a couple of, rather than all, capillary positions. The Fourier
transform process also introduces artefacts due to the finite counting statistics and
experimental Qrange[235]. Whilst the P phase of the EPSR simulation tries to refine the
simulation to the experimental data, it should not be forced to fit errors and uncertainties

in the data the aim should be to quantitatively and qualitatively fit the main feat235].

The highlevel workflow for molecular simulation usiBPSR is summarisedFigure2.23.
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2.9.2.2.2 EPSR simulation setup

The simulation boisdefined in terms of theomponentstemperatureandatomic number
density. Thereference potential (RAy defined by the Lennardones and atoim partial

charge parameters:

Force field selectionEPSR version 2857] used in this study supports the use of Lennard
Jones potentials taepresent shorrange repulsiveforces and longefrange dispersion

forces, and effedte charges that are truncated at large distances, to define the force field.

To identify the most appropriate values to apply@ant and Ct, a parametrisation study
for force field assignment was undertaken to compare the Lendartes potential values
and partial charges from the literature, including the application of reduced charges

(summarisedn Appendix).

Reference potential starting points

*  Lennard-Jones potentials (e & o}:
e.g. from OPLS / literature

*  Pseudo-Coulombic charges: e.g.
from DFT / RESP / literature

Ensemble of molecules created: intra-
and inter-molecular properties of the
components are set (reference
potential, RP)

Inputs Monte Carlo simulation: molecules

*  Geometry optimised molecules randomly repositioned until

»  Atomic number density equilibrated minimised potential energy
* Component ratios achieved

= System temperature

Experimental & simulated total structure
factors compared: define and apply
suitable empirical potential to perturb &
refine RP model

Experimental structure factor (.int01)

When equilibrium is achieved, start

accumulating data to calculate average Final pair distribution functions with
over all configurations, rather than statistically probable molecular structure
running average

~ Apply auxiliary routines to extract
statistical information about the final
molecular structure, identify key local
structures and intermolecular
interactions & derive thermodynamic

and kinetic information

Create and apply auxliary routines such
as: site-site radial distribution functions:
bond angle distributions; coordination
numbers; cluster sizes; and spatial
density functions

Figure2.23 EPSR workflow diagrana description of the stages of an EPSRulation

The required inputs are outlined on the ldfand side, and a description of each stage is
on the righthand side

Water modelselection Although nany previous EPSmodels of water or aqueous systems
have used variousingle component ater mockls (TIP4P/2009375], SPJ413], SPC/E
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[223,235,418416], a recent XPDF/EPS&udy used a combined water model applying
SPC/E and TIP3P water modéds achieve the best fit to total Xay scattering data of
acetonewater binary solvent samplg®42]. A parametrisation study to select the water
model for use in thesimulation, whiclcompared 8CE, TIBBPand a 50%:50% combination,
was undertakenTheTIRBP water model was selected for the simulationsGhapter 4and
Chapter 5A simmary ofthe parametrisation studyincluding the Lennardones potentials,

partial charges and bond angles of the water models used Appendix=

Each simulatiostartswith an expanded simulation box to allow the molecules to move past
each otler more freely in the initial stages. Once the system ené&dpelow 0 kJ/mol, the
size of the box graduallgduces to the correct volume. Each simulation was run with the
RPuntil the system energy was at equilibrium (~1,500 iterations). The EP waspipéiad

to perturb the reference model and to force the simulation to agree as well as possible with

the experimental F(Q) data.

Atomic pair correlations (sitsite partial structure factors angbartial pair distribution
functions) are generated and additional quantities such as bond angiistributions,
coordination numbers and distributions, and density fluctuations can be evaluated in EPSR
[257]. Whilst the PDF gives ane-dimensionalpicture of the distribution of one atom or
molecule around another, the sgat arrangement of the interactions are lost by the
spherical averagin{p7,257] Angular g(r) and spatial distributions one species around
another were calculated usirdiputilsroutines[408]. The routines used in the evaluation of

the EPSR simulations Chapters 4 and &re outlined in AppendiE
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Chapter 3 Theelectronic structure of imidazolium cations in aqueous
solution: Xray Ramanscattering studiesof the C and N K

edgescombined with XPS and DF&lculations

3.1 Introduction

Dissociated ions in strongly interacting solvehesve been showro influence solvent
structure beyond the firssolvation shell[113,417] lons influence the thermodynamic and
transport properties of the bulk solutio@18], aselectrostatic solutesolventinteractions
combining ionic effects and hydrogen bonding, cardeally stronger tharsolventsolvent
hydrogen bondingnteractions[419], especially in highly soluble and highly ionic systems.
Neutron diffraction studiesof high-concentration aqueous salt solutierhave shown that
the presence of ions induces a charigehe waterwater interactions, with the degree of

perturbationbeingdependent on the nature of the ion pgd®5].

lonic liquids (IL) comprise an organic cation and an organic or inorganic anion with a melting
point below 100°G142]. Their physical properties can be tuned by adjusting the species
used[122]. The biological activity of IL makeeth useful in the evolving field df foractive
pharmaceutical ingrediest where IL are components of drugs, or in the drug synthesis
process[420]. Imidazoliumbased IL are increasingly being used as environmentally more
benign reaction media, replacing volatile molecular solvgéibt8¢150]. The properties of
hydrophilic IL can be adjusted by varying the proportion of water addiadl]. Preferetial
hydration of IL ions when dissociated in aqueous solution prevents water from interacting
with the surfaces of biological molecules in solution, which changes enzyme activity or

affects protein or peptide solubilitjg21].

Imidazole(Imid)is an organic heterocyclic compound with high solubility in pstdvents
(Figurel1.8a). Imid groups play an important role in biological systems anelpresent in
many natural and synthetic drug moleculgs35]. Derivative compounds dimid include
purine, histamine and nucleic acjdmd & a sidechain of histidinelmid plays an important
part in enzyme catalysjd35,137] Imid actsas a proton relay through its two N moietjes
which bothform hydrogenbonds with watel{137¢139], with the pyrroletype N1 acting as
a protorrdonor (pk = 14.9)133], andthe pyridinetype N3 asa proton-acceptor (pK=7.0)
[133].
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The electronic structure of Imid in solution has previously been characterised in depth by
corellevel spectroscopies, includingray photoelectron spectroscopy (XF3H0], near

edge Xray absorption finestructure (NEXAF$)59], NEXAFS detected byray Raman
Scattering (XRREXAR367], anda combined Xray Emission Spectroscopy (XEB8gonant
Inelastic Xray Scattering (RIX®ethod[161]. This XES/RIXS study wasemaken with soft

Xraysusing a flow cell

The NEXAF$159] and XRSNEXAF$67] studies quantified changes in the unoccupied
density of states of Imidncluding the effects afhanging solution concentratiddi59] and

phase changeluring crystallisatiorirom aqueous solutioli67]. The studies identified the
sensitivity of Imid to its chemét environment, as the N-&dge features are different in the
solid, solution and gas phasgg7,159] Further to this, the similarity in N-&dge spectra
across the concentration range studied indicated that Imid-gg$ociation may occur even

in dilute solutiong159]. Thedifferencein ionisation potential j§IP) is an indication of the
difference between the predge 1am~ F LISIF1a® LG ¢l a F2dzyR
redistribution in the crystal structure of Imid due to hydrogen bonding via the N centres
reduces the Ism ~ F & LJEMAinisolid ébmpayed to ~1.7 eV in solutifi§9].

Our previous XRS study of the structural evolution of an aqueous Imid solution through the
metastable zone during cooling crystallisation identified minimal variation in the C and N K
edge spectrd67]. This finding suggested that desolvation is the #atgting step, as there

is little change to the coordination, and therefore solvation, of the Imid molecules until the

point of crystallisation.

The liquidiet XPS anXESRIXSstudies also characteriseithe protonatedform of Imid,
cationic imidazolium (ImidH Figure1.8b), in agueousimidazole hydrochloridelifidHC)
solutions and contrastedt to solvatedimid [160,161] XPS providevaluable information
for the interpretation of NEXAFS data, as the chemical shifts of the photoemission lines
(corelevel binding energy @y indicate the relative IP positions in the NEXAp&tra.The
XPS studglentified the pseudoequivalence tife N binding energie&sin ImidH [160], and
the XES/RIXS study indicated a limitgtlenceof solutesolvent hydrogen boridgon the

electronic environment of the compound$61].

Here,it is demongrated that hard Xray techniques have developed sufficiently to acquire
data of a sufficiently high resolution for the investigation of chemical speciation of a solute
in solution. Furthermore, the use of a flow crystalliser designed to be more reprdésenta

of a laboratorytype crystalliser is an important progression from narromannelled
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microfluidic flow cells used previoug§22], as the setup described here can be used for

crystallisation experiments.

X-ray corelevel spetroscopiesaresensitive probes of the chemical state and local structure
around molecular solutes and solvent molecules in  solutioj67,159¢
161,203,205,206,423,424NEXAFESvhichprobes the density of unoccupied bound states
and shifts in the core |Fhas previously been used to examine ionic molecular solutes
[159,424.428]. Detailed information about chemical states and local bonding is determined
from the energies of noonding and antbonding unoccupied molecular rhitals
[67,203,319,424,428,429]

Es shifts provide an insight intdhe solidstate structure of organic materials, including bond
lengths[203], the extent of praonation [430], and hydrogen bondinf25], andcharacterise
molecular ionsy differentiating between protonated and deprotonated functional groups
[160,423,43Q434]. Recent developments daboratory nearambient pressure XPS (NAP
XPS) instrumestnow facilitate the examination of solution systems in the laboratory
without microfluidics or microjet§348,435,436]

At low momentum transfer(low-q), Xray Raman (XRjpectra are equivalent to NEXAFS
spectra[306]. XRSsahard Xray, norresonant inelastic Xay scattering techniquellowing

the use of complex sample environmerfty studies under extreme temperatures and
pressuresand avoidng the limitations of working under vacuum that are associated with
soft Xray techniques[211]. Previous work in the research groupshowed that a
temperaturecontrolled jacketed flow cell enabled than situ XRSletected NEXAFS
characterisation ofmid molecules in aqueous solutions, probing the evolution of molecular

structurethrough theMSZzto crystallisation[67].

This chapter presents@ambined XPBIEXARXRS approach tharacterising solvatelnid
and ImidH systems by laboratory NARPS and XRigtected NEXAF-8nd shovehow these
techniques when combined with timedependent density functional theory(TDDFT)
calculationslead to a comprehensive understanding of the local electronic straabfithe
ion in aqueous solutionA summary of the workflow is shown figure3.1. The key
experimental and computationahethods and conclusions described in this deapave

been submitted to Physical Chemistry Chemical Physics for publication (JuR£2021)

18 Manuscript has been reviewed and responses to reviewers has been prepared.
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ImidHC! salt synthesis for XP5 measurements
4

XPs of Imid & ImidHC! ag. solutions: TDDET calculations of Imid and ImidH* {in
measure C & N 1s binding energies to fit vacuo and solvation model) to allocate 15
MNEXAFS ionisation potentiols 2 n* electron transitions

4
XRS measurements of 5 M Imid and ImidHCl ag. solutions: characterise local &
chemical structure from C & N K-edge NEXAFS spectra

Figure3.1 Combined NARXPS/XRS/TDDFT workflow

An overview of theexperimental and computationa¢chniquesusedto collect and
interpret XRS spectra

3.2 Methodology

3.2.1 X-ray Raman Scattering (XRS)

The XR spectra of aqueous Imid and ImidHCI solutions were collected at the European
Synchrotron Radiation Facility (ESRF), beamline ID20. A more completptitesaf the

beamline can be found iBection2.4.2.3

Approx. 250 ml of aqueoubnid (pH 10)and aqueousimidHCI (pH 3¥olutions were
prepared, as described Becton 2.2.1 Thein situjacketed flow crystalliseiHgure2.8) was
mounted on the sample stage. The stock solution was agitated in the vessel using a magnetic
stirrer and circulated through Marprengtubing using a peristaltic pumpRecirculation
allowed fresh solution to belelivered to the Kapton window to redudbe patential for
radiation damagef the sample. Although the jacketed vessel coedaitrol the temperature

of the solution, the spectra described here were collected at room temperature (~23°C).

The elastic energyoFEwas set to 9.68 keV. XR spectra were olgd by scanning the
beamline monochromator energy at a fixed analyser setting. The measured energy
difference (incident beamline monochromator energy minus analyser enekgy
corresponds to the energy lossWas monitored frequently throughout the datcollection

process to ensure that there was minimal monochromator drift.

The XR8etected NEXAFS spectra were collected in the low momentum transfergjlow
regime, which is dominated by dipole allowed transitiomswhich the cordevel electrons
transition from the 1s (SRIASV G2 ~F 2N " F IYIiRBRYRAY3

Measurementgpresented here wer@erformed in forward scattering (lowy) geometryand
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collected by the VD detector module positioned at an angle 6B#42q = 3.6 A "The data
post-processing is described $ection2.4.2.3.2

3.2.2 NearAmbient PressureXPSNARXPS)

Xray photoelectron (XP) spectmaere collected with a SPECS EnviroES€&Ambient
Pressure Xay Photoelectron SpectroscofMARXP$systemat the University of LeedsA
more complete description dIARXPSan be found irSection2.4.3.2

Imid ¢09.5%, Sigmaldrich)wasused without further purificatio. An aqueous solution
(approx. 2.5 M) was made by dissolving solid Imid in deionised Wk82 MK ® OSCiez
Select FusionThe ImidHCI salt was synthesised by élvaporationprocesgsdescribed in

Section2.2.1(vacuum evaporation except for initial SCXRIPIi(l evaporation)

The Imid solution was put in a Petri dish, which was placed directly into the sample chamber.
Dry ImidHCI was pressed into anminium differential scanning calorimetry paas the salt

is highly hygroscopic and will dissolve in the humid environmerte$ample chamber. The

pan wasmounted on an aluminium scanning electron microscopy stith copper tape
(Figure3.2). An open glass bottle ofupified deionised wate(18.2 MK ® QSez Select
Fusion) was placed in the sample chamber to dissolve the ImidHCI and reduce solvent

evaporation during measurements.

Figure3.2 XPS samples: a) Imid and b) ImidHCI aqueous solution

Imid solution from an earlier measurement session using the Peltier cooler

XP spectra of dry and solution samplesye collectecht ambient temperature at a pressure
of 11 mbar(see Section2.4.3. This pressurevas maintained throughout the analysis by
argon gas (dry samples)water vapour ¢olution sampleg In this chapter, only the solution

sampleswill be discussedl'he XPS analysis of dinyid and ImidHClis inAppendix B.

The SPECS EnviroESCA XRB systenused to collect the spectra was equippedth

Y2Yy20KNRBYFGAO £ Yh NIRAFGAZ2Y &2dNDOSmoémnyc @

diameter)was separated from the analysis chamber witilecon nitridewindow.
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The pressure in the sample chamber was reduced by pumping down to 50 mbar (fast
pumping, then from 50 to 25 mbar (medium), where the pressure was held until it was seen
that water degassing was completdhe sample waghen transferred to the analysis

chamberand the pressure was reduced to 11 mbar.

Survey scans were collected in a scan before and after therbgghution data collection,
with a step size of 1 eV, pass eneofyL00 eV and dwell time of 0.1 s. Higdsolution N and
C 1s spectra were collected in 16 scans with a step szé%0.1 eMag. Imid/ag. ImidHC])
a pass energy of 50 eV and a dwell tim&.4f0.25 s(aq. Imid/aqg. ImidHCIHighresolution
O 1s spetra were collected in nine scans, with a step siz€®.46/0.1 eV(ag. Imid/aqg.

ImidHCI) a pass energy of 50 eV and a dwell time of 0.25 s.

Organic materials are insulating and are subject to significant charging. Charge
compensation was provided by etean-ion pair formation in the surrounding water vapour
atmosphere, induced by absorption of the phet@nd Auger electrons emitted from the

sample, alongside direct ionisation byag absorption(XA)[348].

Data analysis was carried out with CasaXPS (version Z&3¥8)High resolution cordevel
scans were decw/oluted with a U 2 Tougaard background and GL(30) lineshapes. An
analyser transmission function and Scofield sensitivity factors were applied for quantitative

analysis.

Es were referenced to the primary C 1s adventitious carbag,)(Peak(285 eV basedon an
established literature valup38,439] Quantitative elemental aalysis of the survey speetr
indicated the amount of excess carbon in the analysis area. This information was used to
deconvolute the C1ls spectra by fixing preportion of Ggvto that identified from the survey
spectra for the initiafitting (AppendixB for details).The &y peaks were unconstrained and

allowed to float as free parameters for the fimafinement ofpeak fitting.

Es are reported tothe nearest 0.01 eto reflect the reproducibility and precision achievable
in a series of measurements on one sample under otherwise identical conditions. Absolute
Es values are generally reproducible to one significant digit, closer to 0.1 eV. Where data

from the literature are referenced, they are reported with the published precision.
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3.2.3 Densityfunctional theory (DFT) antime-dependent DFT (TDDFT)

calculations

Ground state molecular orbital energy calculatio(l3FT)and excitedstate (TDDF)Y
calculations were carried oubtpredict theoretical Xspectra and inform the assignment of

electronic transitions in the XR spectra.

Gasphase optimisation:Imid and ImidH" structure geometrieswere optimisedin vacug
using DFT in ORCA quantum chemistry software (version #38@) Frequency analysis
was carried out after thegeometry optimisationto check that the optimised structures
corresponakd to minima on the potential energy surfac€o identify global minima, more
sophisticated methds, such as molecular dynamics or metadynamics simulations, would be
required to explore the conformational space. However, since Imid and aidplanar,

the simple optimisation carried out here is deemed sufficient.

The B3LYP functional and a minilpalugmented defZTZVP basis s4¢884], with the
RIJCOSX approximatif888], def2/J auxiliary basis set and D3 dispersioneation were
applied[396], consistent with the previous Imid stud@7]. Theselfconsistent field (SCF)
convergence TightSCF criterion and integration@rid3 FinalGrid&ere applied AsimidH*

is the isoelectronic protonated counterpart of Imid, the same level of theory was applied to
both structures[440]. The molecular orbitals were visualised Avogadro(version 1.2.0)
[441].

To investigate the sensitiwitoftransition energies tantermolecular interactiongshort and
long range), imgle point energy calculations were performed @single ImidHCI molecular
unitin vacugtaken from thelmidHCI crystal structure derived from tfiest SCXRD analysis
of ImidHCI(SCXRMetails inAppendix A)°, and the cluster ofeight Imid moleculestaken
from the crystal structure of Imid (IMAZOLO4 from CCDC,[18B]). The geometric
structures were extracted from thecrystallographic informatiofile from SCXRD (ImidHCI)

or from CCD@mid). Nofrequency calculations were performed

19 SCXRD analysis of ImidHCI synthesised by rapid evaporation showed one N3 of eight in
the asymmetric unit cell did not appear to be proated, so synthesis of ImidHCI was
attempted using vacuum evaporation techniquee¢ Sectior2.2.]). Refinement ofthis

second fully-protonated SCXRD structurasing XPDHPDFgui was not possibldue to
disorder around two of the eight Imididngs(further detailsin Appendix A

3.2Methodology 91



Chapter 3The electronic structure of imidaiom cations in aqueous solution:rxy Raman

scattering studies of the C and Nedlges combined with XPS and DFT calculations

Solvation models

Solvation model selectionN and C ¥dges are sensitive to solutmlvent interactions,
which is not accounted for in the ggbase models. In this analysis, thelvation moel is

required tounderstandthe potential solvent effect on theorelevel electron transitions
taking placeso thatthe pre-edge transition peaks in the XR spectan be assighed
Although the exciteebtate calculations are not intended to be quantitegj consideration

has been given to the type of solvation model used.

An implicit solvation model, where a dielectric constant based on the solvent is applied
(known as a conductedike polarisable continuum model, CPCM), accounts for the-long
range effets of the solvent, but may be less suitable to replace a polarised solvent with
charge fluctuations. An explicit solvation model, where molecules of the solvent species are
positioned around the probed molecule, accounts for local solvation effects such as

hydrogen bonding between the solute and solvent.

A combined liquiget XPSab initidMD study of hydrated Imid showed that the calculated
vertical IP of valence electrons approached the experimentaigsured value as the
number of explicit water molecules was increased from O [42]. Increasing the number
of water molecules may tend towards convergence of a bulk systeiims casg442], but
without the inclusion of other solute molecules (or ions and cowuides in the case of

ImidHCI), other interactions beyond watsolute interactions would not be accountéat.

A previous NEXAR®mputationalstudy of aqueous Imid compared the effect of including
different numbers of water molecules in the hydraton sy G KS npLt [129F bwm
It was found that as the number of water molecules in the hydration shell increased above
three,nlPdecreased and was lowéran the experimentalhobservedenergy shift between
theNKSR3IS ™M~ F LIS NI ik XM 2Fy0 T is éxfekt€fo be the same value

I alP[{h59]. Hydration models with two othree water molecules were in good agreement
with experimental spectragven though oty one N centre was directly interacting with a

water moleculen the solvation model in this cag&b9].

Thepossible short or longange effects that would occur in the solution dweother species
present Imid molecules, or ImidHand/or CI ions in the case of ImidEk are not
accounted for in the proposed simple explicit or implicit hydration mod&halysis of an

MD model of an aqueousnid solution was previously undertaken teaover the average N
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and C Kedge XA spectra of all the Imid molecut@dt was found that there was more
variaioninthe N1 Ism~ F GNJI yaA GA 2y AMBSTF ad NOKY &A GiAK2Sy bLdS
interactions with adjacent molecules. The changes in electron density around N1 are more
localised than those around N3, where the electron density is delocalised across the
molecule. The MD study also identified that the -€dge spectra were influenced by Imid

Imid interactions, but not so much by interactions with water due to the hydrophobic nature

of the C moieties. This result strengthens the suggestion that increasing the number of water
molecules in a microhydration clustevould not necessarily improve the results. The MD
modelling of an aqueous ImidHCI solution would be more complex, as the effect of the
counterion, the longrange ionic electrostatic effects and the solveaivent and the

solventsolute hydrogen bondingrould be present.

A neutron diffraction pair distribution function analydig23] showed that in aqueous

solution, the mostly likely Imid selfy G SNI OGA 2§ G IA@A1 WA o6SG oSSy (K
planes, at a range of 83.8 A. Most Imid molecules were found to be fully hydrated,
resulting in few direct Imidk YA R Ay G SNJ Od A 2y(id ® 1 AfyHK 2de3 KL YA R
solution, these interactions are secondary relative to hsdvent hydrogen bondinf223].

5dz28§ (2 GKS &aSLINIYGA2Yy RAAlGlIYyOS 2F GKS LYAR
effect on the cordevel spectra will be less than the effect of hydrogen bonding with water,

and therefore are unlikely to greatly affectals frangition energies. Previous modelling of

Imid solutions has also shown a tendency of Imid to form chigif8]. Given the sensitivity

of Imid to its conformational surroundingd59], the effect of these possiblémid self

interaction makes it difficult to definea model that will show good agreement with

experimental data.

A similar stacking effect may occur in the aqueous ImidHCI solution. The' amidilions
present in solution would generate local electiaisc effects on each other and on the
(polar) solvent, which in turn would provide some charge shielding between the ions. In
addition to possible oppositelgharged ion pair formation (ImidkCl), likecharged ion
pairs (ImidfHimidH) may form. Guanidium, another planar cation with a low charge
density, is known to form parallel stacks (dimers and largarens) that are stabilised by
water molecules[91]. The proposed water hydrogdmonding arrangement that may

stabilise guanidinium dimers could apply to Imidiéhs in solution. Investigating hydration

20 MD modelling was undertaken by another researcher in the group and is currently not

available for pubcation.
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modelsto this exent is beyond the scope of this studgs it requires the modelling of the

total scattering data

In summary, increasing the number of components in the maalld not necessarily
improve the outcomeWhilstit is noted that a better outcome may keehieved when the
longerrange solvent effects are considerflb9), a systematic study comparing the use of
CPCMsingle and doublevater moleculeexplicithydration modelsand ahybridmodel(two
water molecules and the CPCM solvent backgroufa)nd that the two-water explicit
model generatedN and C #edgeXAspectra that were mostomparableo the experimental

data[67]. Therefore, it was considered pragmatic to adopt the same approach here.

Solvation model optimisationin this study, the water molecules in the explicit models were
initially positioned adjacent to the N atoms, as indicated in the literature for microhydrated
gasphase clusters for Imif67], and ImidH [442] (Figure3.3). The position of the water
molecules was geometigptimised after which fgle point energy molecular orbital
calculations were carried oORCA version 4.0.2380]. Calculationsfor implicit hybrid
solvationmodel structuresvere alsoperformed.Fequencycalculations shoed imaginary
modes were presenin the ImidH model which were not eliminated after multiple

geometryadjustments, so the hybrid models were discontinued

\v. 15 JR 9 2 [ 2

Figure3.3 Explict solvation models of imidazole (l) and imidazolium (r)

Visualisation of the positions of the water molecules during the TDDFT calculations

TDDFT calculation¥ DDFTalculations were run on the ggbhase components, the implicit
and explicit solvation models, the ImidHCI molecular unit and N atoms in a central and

external molecule in the eight Imid cluster us@&CA version 4.0.[830].

A summary of thdFT / TDDFT calculatioasd the applied functional/basis seits shown
in Table3.1.
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Table3.1 DFTand TDDFTalculations

1 Gasphase Imid / ImidH

1 Explicit solvation modellmid or Optimisation / single point energy / TDDFT:

ImidH*with two water molecules B3LYP RIJCOSX D3 -def2-TZVP def2/.
1 Implicit solvation modei Imid or TIGHTSCF Grid3 FinalGrid5

ImidH*with water background (CPCM

Optimisation:
f  Single ImidHCI molecular unit Crys.,tallograph-l structures usgd to malntqn
; . the intra- and intermolecular distances, whic

1 Solid structure Imid (8 molecules

is crucial to acquiring reliable colevel data
Single point energy / TDDFT:

B3LYP RIJCOSX D3 -def2-TZVP def2/.
TIGHTSCF Grid3 FinalGrid5

from crystal structure in CCDC, ref.
[138)

3.3 Resultsand discussion

Asimid and ImidHarel N2 Yl A O Y2f SOdzf Sa 6AGK AAIYATAOl Yy
preSR3IS "~ F NB A2 Y l-edge Spectrdfymidiakd8nidy &é eddected[207].

Gomparing the N Kedge spectra for Imid and ImidigFigure3.4), there are two clear pre

edge peakgor Imid (399.8 eV and 401.6 eV) representing the two N speloigonly one

for ImidH" (401.3 eV), where the protonation of the Imid results in a symioatmmolecule

(N pseudoequivalence). The Nelge spectrum appears steeper after the mege features

in the Imid spectrum than for ImidiHand a small shoulder feature is visible ~404 eV in the
ImidH"spectrum.Comparing thémid andimidH C Kedge spet a, there is a small shi{t02

eV) in the preedge pealposition, whichbelow the instrument resolution, but the shapes of

the spectra are broadly similar.

The TDDF¢alculatedXAspectra are used to allocate the peglge electron transition peak
positions (Section3.3.3 and the XP&s values are used to define the relative IP positions

(Section3.3.2.

Imidazolium
Imidazolium

Imidazole -
Imidazole

Normalised intensity (offset)
Normalised intensity (offset)

395 400 405 410 415 285 290 295 300
Energy loss /eV Energy loss /eV

Figure3.4 Comparison of thdmid andImidH"XRS N and Gédge spectra
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3.3.1 DFT and TDDFT calculations

Theground state energies of atomic core leveladthe highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbitals (LUMO) energezs derived from DFT
single point energy calculationSchematic representations ofolecular orbitakenergies &
Nand (k-edgesare shown fogasphase Imid and ImidHApp.Figurel4), and for explicitly
solvated Imid and ImidHApp. Figurel5).

2NDbAGFEE | O
transition from the coreevel (1s). Visualisatioof it KS G ¢2 f2¢Sad dzy2 OOdzLIA

In gasphase Imidthere are two lowlyind @A NIidzZ £~ F

orbitals Figure3.5a&b) indicate the electroit transitions thatmaybe observed.

Analysis of the calculated XA spectra from TDDFT also indicate thmatdinthere is no

density of statesfora’si = F b m  GINInighty theiear@nd1saH " F / H 8 NI Y aA i
and only very mall C5 and N1 transitionsThe density of states also indicates that the

1sam’ F St $réhsite@wodldbe weak,and are not likely to be evident in the

experimental spectrunfil 59].

a Imidazole b Imidazolium

e
M~ EUMO+1 H™F [ a M~ F [ a H F [ a

NO N1 transition
(from calculated

NO C2 transitions
& very small C5

XA spectra) and N1 (from
calculated XA
spectra)
Figure3.5 Molecular orbital structuresof gasphasea) Imid and b) ImidH*
In explicitlysolvatedimid, there are two lowf 8 Ay 3 @GANIdzr £ ~FA2ZNDAGI f

transitions,compared withthree for solvatedimidH'. As seernn the gasphasecalculation

there is nodensity of states formN11spaH ~

F

i NI ¢x@likitlydo”ated hnid There

are noC21sAH ~,prNUN3 1,0 - F (i Nlinexgphciiysdvsted ImidH
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Imidazole

¢
ahH F

O F

o

NO N1 transition
G0N yaadan

b

[ tahgm™ F [ | ah

Imidazolium

& D

H™F [ | NORCB
transition
o F [ |NoiNBb

or N3 transitions

Figure3.6 Molecular orbital structuresof explicitly-solvateda) Imid and b) ImidH*

The predicted XA spectra for the N and-€dges of Imid anéiidH are shown along with

the experimental datgFigure3.7 & Figure3.8). The calculated spectra peaks have been

aligned with the first peak of the experimental spe.

N9BNE 1M~ F A a

3 Nfbasé 18N Xhavily solgated models and experimental

data Figure3.7a), showing that hydrogen bonding of the Imidth the water via the N

atomsreduce the difference iti KS = F

SySNHE®&

f SgStad LYy

Imid ¢N) accepts a hydrogen bond from the polar water solj&85]. In UV spectroscopy

of solutionsthis interaction has previously been observed to hawedfiect of lowering the

electronic energy in the ground state, but not in the excited sfdi®5]. This effect is

observed here as well, where the N3 1s molecular orbital energy is lowered due to the

removal of local eldcon density by the electrostatic attraction of the hydrogen from the

water molecule (solvated ground state calculation®\pp. Figurel5). At N1, the hydrogen

bond formation is due to proton donation to the oxygen moiety of water, increasing the

local (N1) electron densityihe polarisation of the N4 bond is not delocalised intd K S

system,sothe changen electron density at the N1 centre is stronger than at theddBtre

[67]. As a result of these effects, the difference between the N1 and W& IstFansition

Sy SNHEANGH3 18 mOF 0

A a

O 105 &V deir thaigagphase Enid,HL® eV for

solvated ImidTable3.6), and 1.40 eV for soliphase Imid67], following the expected trend

[67].

The gad K | &4 S

appears as a shoulder feature in the explicit model spectrum, and as a peak slightly below

the experimental N3 sH ~ F

aLISO0NHzyY Of SI NI &

e

OGN YAAGAZ2Y AY

a K2 g av). THsSeak o

GKS AYLIX AOA
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Inthe C Kedge Figure3.7b),i KS / n W™~ F GNIXyaAaldAzy Ay (GKS SE
YIAY LISFH1Z FYyR GKS /p w"fF Oy o06S aSSy |a
AYLE AOAG &aLISOGNXYzYZ / n | fhd&kshdulder featufe (26MBleY). A G A 2 y
Fff Y2RSfasx GKS /H H F A& Y9n S+ | 02@0S GKS Y

N K-edge: Imid C K-edge: Imid
N3 27+ C4&C5 12" 827" C2 21+
» O INT 17 & C2 1z,

N3 1m 1,

XRS

Implicit]

Implicit|

Explicif]

Explicit]

Normalised offset intensity
Normalised offset intensity

Gas-phase

Gas-phase

398 400 402 404 406 284 286 288 290 292 294
a Energy (eV) b Energy (eV)

Figure3.7 Imid: calculateda) Nand b) CK-edge XA spectra of ggshase, and explicit and
implicit solvation models. FWHM of predicted XA spectra = 0.6 eV and dotted lines
indicate the peak positions of the fitted experimental data.

As oth N atoms inlmidH" are -NH the N1 and N3 IsMm~ f UGN} yaAidiazya |1
equivalent, at 389.22 eV and 389.22 &hasphase) and 388.91 eV and 388.88 eV (in
solution, Table3.6 (note: 12.5 eV energy shift applied in the table to enable comparison with

the experimental data)).

The explicit modehas beerusedfor peak assignment, as it was considered to givebibst

agreament for Imid[67], and has good agreement for ImidH@I.the explicitlysolvated

Y2RSt FT2NJLYARIZ 02yaSOdzia@S "~F GNIyairilrazya
for N1 in LUMO+6gure3.9). Thesecond, smaller N3 peak a4060.9eV is consistent with

the calculated spectim shown in the literature (Fig. 4 in rd67]) for the Imid N kKedge

ISEELS gabase spectrum (from ref444]) andXRS aqueous solution spectr

The accuracy of the predicted XA spectra and the TDDFT calculations could be improved if it
were possible to include the effect of tl@&ions that are also in solution, such as leagge

solvent or electrostatic effects. The solvation shell around@hens in solution could affect

the polarisation of the surrounding solvent. To explore the effect of includ®igan, TDDFT

calculatons were performed on a single unit of ImidH&g(re3.10).
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N K-edge: ImidH* C K-edge: ImidH*
N3 & N1 17#1 | C48&C5 1n*&2n*
] T " N:? &NT 2?1* & C2 1:.[*! !C4, C5& C2 3n*
] : ]
I
I
- 1
= - 1
2 Z |
L S i
£ b= I
® = ! P "
» © 1 b Implicit
£ |implicit 2 1 |
o | ° ™~
Q 8 I\ [
g w0 1 | I
g © I | I
] . E 1 | Explicit
= _Expllcn 3 1 | |
1
: No 3+ Gas-phase
1
I
400 402 404 406 408 284 286 288 290 292 294 296
a Energy (eV) b Energy (eV)

Figure3.8 ImidH*": calculateda) Nand b) CK-edge XA spectra of the gashase, and explicit and
implicit solvation models. FWHM of predicted XA spectra = 0.6 eV and dotted lines
indicate the peak positions of the fitted experimental data.
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Figure3.9 Explicit solvation modepredicted XA spectraimid C kedge (topleft) and N Kedge
(top right); and ImidH CK-edge pottom left) and N Kedge pottom right)
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4000 T T T
ImidHCI - carbon —C2
Py
W
c
g 2000
£
C5 17*&21*
O 7
274 276 278 280 282
Energy (eV)
2000 ————— s
ImidHCI - nitrogen — N3
1500
2
‘W
c
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£
500
o771
388 390 392 394 396
Energy (eV)

Figure3.10 PredictedXA spectraC kedge (top) and N #dge (bottom) for ImidHCI (single unit,
in vacug

The first C ¥edge preedge peak in ImidHCI is broader (FWHM ~1.3Féyure3.10, top),
withagreatep® 060S06SSy GKS /W M F FYR /n H- F OGN}y
(FWHM~1.0e\i9 6/ # nvM HF” F O,Figure3o®H o 8 G2Y t STGOod ¢KS /
present in ImidHis not present in ImidHCI. Furthermarethe NK-edgespectrum nEnang)

1sA M~ fFansition peak separation is 0.5 eVImidHCI Figure3.10, bottom), resulting in a

broader preedge peak (FWHM 1.0 eV) than seen either of thepl@se modelsKigure

3.11)2,

21 All three XA spectra were generated with a FWHM of 0.6 eV
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T
124 ImidHCI b
ImidH* gas-phase
ImidH* explicit solvation i}

Normalised intensity

T T T T T
388 390 392 394 396
Energy (eV)

Figure3.11 PredictedXA spectraN K-edge for ImidH* (gasphase and explicit solvation models)
and ImidHCI (molecular unit), aligned to the explicit model first peak

In the ImidHCI crystal structure, the Imitiould be surrounded by othe€lt, which may
reduce thenEninz 1sA M - Feen in the single molecular unit, as observed in the solid Imid
structure wherenEninz 1sAM -~ for the external Imid was 0.88 eV higher than for the

centrallmid (AppendiO.

It may be however that in solutiomEninz 1AM~ F ImBIAF could be indicative of the
extent of ion pairing, as the solution is cooled through tM&Zprior to crystallisation.
Molecular modelling to identify ImidHCl/water positions in larger clusters, followed by
TDDF]could be carried out to investigate this fugth ImidHCI could not be crystallised from
water by cooling crystallisation within the temperature range accessible by the experimental
setup, so this study was not undertaken during the XRS beamtiiasvever, the
characterisation ofanother organic (possbly imidazoliumbased) salt system in solution
passing through the metastable zone duriegoling crystallisationby applying the
combined XRSIEXAFSRS method with TDDFT described here, is something that could be

explored further.

Thecoreleveltransitions for solvated Imid and Imididre detailed further in the following

N and C ¥edge XRS NEXAdtalysigSection 3.3.3.
3.3.2 X-ray photoelectron spectroscopy

Imid and ImidHGh solutionwere characterised with NARPS to identify the chemical state
of N and C atoms in Imid and ImidHihe relative chemical shifts between the photoemission

lines were used to assign the IP energies in theddRi®ed NEXAFS spectra.

rvey scans fohydrated Imid and ImidHCWere measured before and after the high
resolution scansQuantitative elemental analysis of the survey spectra was used to indicate
the amount of excess carbon in the analysis area. This iafitmmwas used to deconvolute

the Cls spectra by fixing the quantity of&285 eV)to that identified from the survey
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spectra.Variations between the two scans, indicatii¢ferent proportions of C and Nnay
be due to the sample moving in therdy beam during data collection. Furthermore, the
distance between the nozzle and the sample could change during data collection, as there

could have been small changes in the analysed surface because of the nature of the sample.

Table3.2 Measured contamination based on quantitative elemental analysis of the survey spectra

Survey o o Area ratio % area Gav

Compound No. e /N Gaav:C:N Qrvey  Highres
. 1 60.51 39.49 007 3 2 2.1%

Aq. Imid 2 2257 9.12 195 3 2 3940 00
. 1 82.61 17.39 650 3 2 68.4%

AQ. ImidHCI 2 82.23 17.77 626 3 2 67.6% 023

Measuring samples under ultliigh vacuum (UHV) decreases both signal attenuation,
improving the signal/noise ratio, and the contamination layer on the saif@d6]. A much

higher proportion oGy in the C 1s signal is expected with NAPS than with URMPS.

Guv represents a large proportion of the signal in both C 1s sp&ctédthough the
contamination (Ga) area percentage was initially fixed in the peak fitting process according
to the second survegcans Table3.2), it was unconstrainted in the final fitecognising that
the quantitative analysis suggested a changing contribution over the course of the data
collection. This estimatéased on excess C, over and above the stoichiometric ratio in

ImidH*, assumes that no N contamination is present.

The corelevel C 1s and N 1s Xpectra and spectral features fagueousimid and ImidHCI

are presented irFigure3.12 and Table3.3.

Table3.3 Measured binding energies afqueous Imidand ImidHCI- corresponding spectra are in

Figure3.12
Compound Transition Peak energy /eV n9 kSz
N 1s (N3) 399.30 _
N 1s (N1) 400.95 (NIN3) = 1.65
Aqueous C 1s (C4) 285.44 (C5C4) = 0.30
Imid C 1s (C5) 285.74 (C2C5) = 0.87
C1s(C2) 286.61 (C2C4) = 1.17
C 1s adventitious 285.00
N1 & N3 1s 401.57 0.00
Aqueous C 1s (C4) 286.37 (C5C4) = 0.00
imidHCl C 1s (C5) 286.37 (C2C5) = 1.31
C 1s (C2) 287.68 (C2C4) = 1.31
C 1s adventitious 285.00

22 C 1s spectra collected by NXPS indicated the presence @fy in a deionised water
sample, which had been stored in the Suez U@, was also observed in a bottled mineral

water sample in the literaturg448].
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Figure3.12 Fitted XP spectra of a) C &sj. Imid b) N 1saq.Imid ¢) C 1&q. ImidHCland d) N 1s
ag. ImidHCI

Open circlesExperimental datgoints,black linefitted spectra,grey line:background

In the case ohqueous Imidthe protonated and unprotonated N atonvgere identified in

the N 1s spectrumHjgure3.12b). These Epeaks were separated QyEninz = +165eV,
which isin agreement witha value previously reported from a ligdiet XPS study of
aqueous Imidreported to 1 decimal place, as 1.7 f\0]). The C 1s sp&rum of aqueous
Imid revealed a highergkttributed to C2in each systemas it is bonded to two N atoms
that are more electronegativ@l45]. The energy shifts gf 8cacs= 4.87eVandn 8Qcsca)=
+0.30 eMFigure3.12a) deviatefrom the liquidjet study, in which the &or C4 and C5 of
hydrated Imid are separated by 0.4 eV, with GAEPY S+ KcicFKRBENIV)EGO]9

This difference is likely due to superposition with the intense adventitious carbon peak,
whichwas not present in the liquifet spectraandit is expected to have some components

from C bound to OH groups in the range of the C2, C5 and C4.

In the case of aqueous ImidHCI, one feature is observed in the N 1s speeigume3.12d).

When both N atoms are protonated, the net positive charge is delocalised across the
aromatic system and increases the N g¢sftboth N n ImidH. At 401.57 eVTable3.3), the
combined N1/N3 peak itmidH is shifted by 8.62eV relative to the protonated NtNH)
component £00.95eV) and by +27eV relative to the unprotonated N3 component 890

eV) in Imid. SimilargShifts upon protonation ofmid have been observed in a liqujeit XPS

study of aqueous Imid and ImidHolutions (2.7 eV])160]. An energy shift of +2.3 eV was
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observed upon protonation of N3 in the Imid side chain of theophylliNgwhen it formed
a salicylies-sulfonate monohydrate saltNIH"), whilst the g of the N1 moiety {NH) shifted
by +0.90 eV446). The C4 and (% of ImidH occur at the samedE & Apdafy=41.91 eV,
whilst the liquidjet XPS study also found the ImidE4 and C5gH0 be equal, but with a
aYl f fgSNhatprB2 eJ160].

Interaction of the water with the samples is evidenced in the O 1s spddgar€3.13). Both

spectra have been calibrated with reference t@.C

10000 - 4000
Imid ImidHCI
O 1s(g) - . O1s(9),

3500
8000
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=2}
=]
(=]
o

2500
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2000
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LI B | T T T A B R R |
538 536 534 532 538 536 534 532
Binding energy /eV Binding energy /eV

Figure3.13XP O 1s spectra a) almid b) ag.ImidHCI (Note: NormalisedCPS sales are not
equal)

Table3.4 Measured O 1s binding energies of aqueous Imid and ImidHt@tresponding spectra
are inFigure3.13

Compound Peak name Es/eV FWHM* % conc no9 «
Aqueous O 1s (g) 535.54 0.90 88.63 207
Imid O 1s () 533.47 1.96 11.37 '
Aqueous O 1s (g) 535.60 0.87 62.58 279
ImidHCI O 1s () 532.88 2.13 37.42 '

* full width half maximum

The lower intensity of the O 1s (l) pe&kr ag. ImidHClcould be due to fewer water
moleculesin the solutionsample than inmidH". Additionally,the nozzle working distance
could affect the intensity ratio of the O 1s (g):O 1s (l) peaks. It dificult to adjust the

working distance with precision due to the changing level of the sample.

The smaller water peaks originate from a combination of water molecules thabarating

Imid, or ImidH" andCl, that are hydrogenbonded to otherwater molecules in the solutign
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or that are interacting with contamination in the solutiofihe higheenergy peak is mainly

due to water vapour. Any contribution from ionised water products is likely to be small.
These O l1sgivalues are compared to G Hata in the literature ifable3.5.

Table3.5 Comparison of O 1s data

O 1s (g) O 1s ()
Sample (Ref.) Es/eV FWHM /eV Es/eV Fwhv ey ' 876V
Imid 535.54 0.90 533.47 1.96 2.07
ImidH* 535.60 0.87 532.88 2.13 2.72
Liquidjet [160,447]
Vacuum, 277 K ) ) 538.1 - }
Lig. water NAPXPJ448]
3 mbar, 300 K 535.8 0.63 533.6 2.69 2.2
Gasphase NARXPH449]
6 mbar, 300 K 536.0 0.68 - - -
Bacteria NAPXPY343]
11 mbar 5354 - 533.1 1.2 2.3
Fe0s[450]
1.3 mbar 535.5 - 533.2 - 2.3

The O 1s (g)gaksfor aqg. Imid andimidH fall within the rangeobserved in the literature

The differencédetweenthese Evalues, 0.6 eV for O 1s (I) and® eV for O 1s (gsuggest
that the calibration method using.gis reasonably consistent ffinding the relative energy

shifts between the scans, although the absolute value may not be completely accurate.

It is worth noting here that the&values in the liquiget study of Imid andmidH" solutions
were calibrated using th® 1sphotoelectron gak of water[160], stated to be 538.1 eV
[447], ~52 eV above the values presented in thisdy Table3.3). Although the absolutegE
values in this study and the liqujet study are different, liquiget & data[160] are around
+4.9 eV higherthan the NAPXPSdata presented hereand nBs(N3mia-N3mians) = 227 eV
compared to 2.8 eV for NARPSnEsnacopfor the Imid and ImidHsolutions are 112.2 eV
and 114.2 eV (liquikt [160]), and 1127 eV and 113.9 eMnjth NARXPS). These findings
suggest thatfurther refinement of the NARXPS solution measurement procedure could
result in a solution E measurement technique that is more accessible, but equally as

effective, as synchrotrobased measurements.
3.3.3 X-ray Ramanspectra

3.3.3.1 N Kedge XRSBIEXAFS

In Figure3.14, the N Kedge NEXAFS spectra of 5 M aqueous solutions of Imid (bottom
spectrum) and ImidHCI (top spectrum) are compared. The peak positions of the fitted

experimental spectra and the calculatd DDFT spectra for the explicitly solvated structure
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models of aqueousolutions of Imid and ImidHCI gpeesented inTable3.6 (anenergy shift
of 12.3eV (Imid) and 12.5 eV (ImidHCI) have bapplied to the calculated transitions).

N3 &NT Imé—— ——— N3 &N12n*

. e 2116V

h

—={ 0.1 eV

residual
-0.1eVv

Normalised intensity

—!

. 166 €

0.1eV
residual
-0.1eV

392 396 400 404 408 412 416 420

Energy loss /eV

Figure3.14 Experimental N Kedge XR spectra for 5 M aqueous Imid solution (pH4 @pttom;
and 5 M aqueous ImidHCI soleth (pH3)- top.

Experimental (black dots) overlaid with fitted spectrum (red). Gaussiaegye 1%, ~ F

transition peaks (solid Gaussian), IP arctan function (solid) andp&s8 Sshapg

resonances (dashed Gaussian).

In the Imid spectrum, thepre-edge region is dominated by two sharp Gaussian peaks,
representing the 18~ f G NJ y & A G A-Rublzelecdns iri tkeSN ntdRtNeES TDDFT

calculationsshow that the lowest energy peak (39%&V) represents the N3 A~ F
I YRHDP Ma&

transition, and thesecond peak is a convolution of the N1AM™ F

transitions (401.53 eV}yée Sectiord.3.1). The IPs are of equal step size due to the-ton

one ratio of nitrogen moieties in the Imid molecule, with a constrained energy shift
according to the measured N3 and N1 XPS birefieggies (se€ection3.3.2.¢ K S-shage

resonances after the IP are of increasing full width half maximum (FWHM), as expected

[207]

Thereisy 2 RSy aAiie

2F adrasa

iKS

b wm

02Y NBL

phase LUMO+2F{gure3.5) or the explicitlysolvated model LUMO+6@-igure 3.6), which

excludes a significant N14s - F

(N}yaidazyd ¢KS YSHadNBR Sy

N3andN11s™ f OSy (i NeRW (RaBle3.3).aThisvetrargy shift value is consistent with
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a previous value of ~1.7 eV for a 5 M aqueous solution of Imid, measured by optical

luminescence NEXAF=&ble3.7) [159].

Table3.6 Peak position and assignment of the experimental and calculated-ddge spectra. The
corresponding experimental spectra are shownkigure3.14.

"Theenergy shifts of 12.3 eV (Imid) & 12.5 eV (ImidHCI) have been applied to the calculs
transitions presented here. *Under N1IAm - F LIS | |

Imid solution ImidHCI solution
Exp. /1t O (ex'%“;lc) Exp. R (ex'?lf'am)
spectra /eV leV leV spectra /eV leV leV
E(N11Am™ F 1 40151 401.53 -0.02 401.35 401.38 -0.03
E(N31AM™ F I 399.85 399.85 0.00 401.35 401.35 0.00
n9 OHbwmm- 1.66 1.68 0.00 0.03
E(NL1L1AH ™ F I - - 403.46 403.06 0.40
E(N31AH ™ F ! 401.5F% 40090 0.607 403.46 403.02 0.44
n9 bbwmu-" - - 0.00 0.04
n9 obm W - - 2.11 1.68
n9 obm M 1.66 1.05 2.11 1.67
1P (N1) 404.05 403.31 0.74 404.67 408.23 -3.56
1P (N3) 402.40 401.% 0.84 404.67 408.19 -3.53
nLt -N8b m 1.65 1.75 0.00 0.04
M~ FGNY / 406.65 406.86
H " FCNY / 411.75 413.20
1M AR{N3p) 4.25 2.19
1 H @RN3)p 9.35 8.54
L0 GRINLY 2.60 2.19
1 n éRNLlp 7.70 8.54

Comparison of the energy shift betweenthe KR IS ™M~ F LIS NI Xyl 27yD
in the spectra of solid Imid (1.425 eV, measured by{&dSa D M aqueous Imid solution
(1.624 eVmeasured by XRB7]) and gagphase Imid (2.444 eV, measured by inner shell
electron energy loss spectroscopy, ISEB48]) demonstrates the sensitivity of the N K
edge preedge region of Imid to molecular interactis, be that Imidvater or Imidimid
interactions. Thus as the likely number and proximity of Hmd interactions increases,

nAnslsam™ F RSONBLFaSao

Table3.7 Comparison ofmeasuredlsam ™ F (i NJ y ayshifis.2y Sy SNA

Phase Technique Energy shift /eV
Gasphase[444] ISEELS 2.444
Solution (5 M)[159] XAS ~1.7
Solution (5 M)(this study) XRS 1.66
Solution (10 M)67] XRS 1.624
Solid[13] XRS 1.425

Compared to the gaphase (2.444 e\j}44], the hydrogenbonding of Imid solution with
strongly polar water (N3---8 or N1H---O) would result in the increased cteeel B of N3
and reduceds2 ¥ b mMZ (i KdziunRS @ NE I6 &iay =M)gs Shown irTable
3.7.
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NAmzlsamM™  F AY GKS p a az2fdziAzy omdcc S+0 Aa 13
(1.62 eV and 1.42 eV) [65]. The number of water molecules per Imid molecule is 11 in the 5

M solution, compared to < 4 in the 10 M solution [65,221]. It was identified that there are

two hydrogenbonded water molecules in the inner hydration shell of each Imid molecule

[65]. There are more free water molecules, and consequently a greater sepadigiance

between Imid molecules, in the 5 M solution [65]. As such, the increasethsaHiction of

LYAR Y2tSOdz Sa Ay (KSumMavar a@$dzdgy NEladzA 8
solution and the solid. Based on this experimental evidence, firaposed that self
association of Imid in agueous solution is not favoured over hydration, because the Imid

Imid hydrogerbonding interactions (N---N) are weaker than the soluteolvent
AYGSNI OGA 2y aW:163S F NB R dxO §-Rafphid ishof andndicatioRof

stronger Imidimid hydrogerbonding, but instead could relate to N4 hydrogerbonding

to a delocalised system via N3 in the solid (N1H:--N3, with each partially delocalised Imid
monomer in the chain acting simultaneously asdldthor, via N in sigmbhonded N1H, and

an Hacceptor, via delocalised N3), compared to the N moieties hydrbgeading to two

separate (highhkelectronegative) water molecules when in solution. As a result, the shifting

but delocalised electron densitiestivin the Imid chain approach parity and a lowles m =~ F

split than for Imid in solution.

¢tKS C21a 2F GKS m F OGN}yarGAazy LISF1a 2F LY
(N1), which is slightly higher than the equivalent peaks in the 10 M solutio® ¢\0for N3

and ~1.1 eV for N1, for 10 M solution at 20°C, cf. S| ofg#}). Thedifference inFWHMof

the two sets of measurements ateo small relative to the instrument broadening to draw

anyconclusions.

In contrast, the ImidHCI Nddgespectrum is dominated by a single sharp Gaussian peak at
401.3% eV, which is a convolution of the Am ™ F OGN} yaAlGAz2ya 2 ¥
(both -NH) Figure3.14, bottom). The protonation of N3 results in a symmetrical molecule,

in which the environments of the two nitrogen atoms are similar due to resonance effects.
Consequently, the N1 and N3al® ~ transition energies are equivalent, as was seen in the

NARXPS N1 and N3 Esmeasurements.

¢KS LS| LRaAldA2y 2F (KS 16&UANoweér than thatookthem ™~ F
ONRdzAKE & SldA @It Sydo bm wm™ F 0 NngNLAnGnMidHgl Ay L
hasdecreasedslightly due to the protonation of N3. It should be noted that this measured

energy shift (0.16 eV) is within the 0.7 eV resolution of the instrument. The FWHM of the
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N3/NLiggm~ F LISF{ A& MdM S+ emm&of thekN nioibtBKdsthar& (G a G
is nosignificantoroadening compared to the Imid N3/N1Al® - f LIS { & @

There is a single IP continuum step for ImidHCI, as the two nitrogen moieties are
pseudoequivalent. At 4086 eV, a second, broader Gaussian peak istified. Analysis of
the TDDFT calculations attributes this peak tothe N3/MIHIS f St SOGUNRY G NI ya

3.3.3.2 C kedge XRS NEXAFS

The C Kedge spectra of Imid and ImidHCI agueous solutions are shoWwigume3.15. The
peak positions of the fitted XRS experimental spectra and TDOEplicitlysolvated

structure models are presented rable3.1.

Only one relatively sharp Gaussian peak in theqatge region (286.62 eV) abserved in

the Imid spectrum Kigure3.15, bottom). Analysis of the TDDFT calculations suggests this

peak convolutes C4 and CsAM~ F AV R trawmsitions, along with some contribution
fromC21sm”™ @ ! & Hyy®dHo S+3 | aASO2yR ONBIRSNE f
which represents C2 431 ~ F U NJ pF &fxhé pegky id 1.61v).

{C4 & C5 1n*&2n*,ﬂ; FC4, C5 & C2 3n*
-& C2 1n* | |
(2) :
1 1 A ! AE(IP C5/C4-C2) = 1.31 eV
HN@NH | /M
."i‘ __ @ @.. 3 W LT " P ]
g T TR ] o
T 1 ;‘ residual
i ———— =206V lotev
8 Jc4 & C5 1n* & 2n*;! —C2 2n=
5 jxc2 1 L
£
o @
Z 14 N
HN N
] \O/ AE(IP C5-C4) = 0.30 eV
AEECERC, AE(IP C2-C5) = 0.87 eV
— - 01ev
residua
- = T1e1ev. . lo1ev
280 284 288 292 296 300
Energy loss /eV

Figure3.15 Experimental C ¥edge XR spectra for 5 M aqueous Imid solution (pH4 ®pttom;
and 5 M aqueous ImidHCI solution (pH3pp.

Experimental (black dots) overlaid with fitted spectrum (red). Gaussiaegye 1%, ~ F
transition peaks (solid Gaussja IP arctan function (solid) and peStR 3 Sshapg
resonances (dashed Gaussian). Residual shown below each spectrum.
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ASKS H-F O6[!ahbr0 (NI yAahd had yoidengity of étdeS atthe t G (i
C2 atom Figure3.6), a significant C2As1 " f (G NI} yaAdGAz2y Ol ytheo S SE
density of states at the C2, C4 afiH atoms at LUMO+6, representde ~ f St SOG N

excitatiors.

Due to the redistribution of charge across the Imidbth, the electron density around all C
moieties has decreased compared to Imid, which is evidenced by the increaségl(Talse
3.3). The greatest difference is around C2, wherelhes 107 eV higher in ImidHthan in
Imid, whereas thdg increase are 0.93 eV an@dl.63 eV for C4 and C5.

The significant difrence between the Imid ankinidH" C Kedge spectra is the energy shift

between the preedge Gaussian peaks. The first-pdge feature of thémidH spectrum at

286.77 eV is 0.14 eV above that in the Imid spectrum and represents @bakaim ~ | Y R

1sAsH ™ F OGN} yaAadAaAzya Fa o0ST2NBI #sAMKF I §E QAyIONBA
The second peak at 289.47 eV is 2.70 eV above the first. The DFT analysis shows that there
FNBE y2 uw-fF aidliSa I OO0S & amidetfTBe sdcanNpeak issnatea8 t S O (i
aresultof C4,C5and Cals™ F  ( NI Yy & Jainaj@ differdncetbiétveen thkaidH

and Imid C ¥dge spectra.

Table3.8 Peak position and assignment of the experimental and calculated-€tige spectra. The
corresponding experimental spectra are shownkigure3.15.

"The energy shifts d»10.7 eV (Imid) and 10.3 eV (ImidHCI) have been applied to the
calculated transitions presented hefeThereisnoZ1sAH " F G NI yaAGA 2y X
1sAo”" F UN}XyarAdGAzya FNB 206aSNBSR

Imid solution ImidHCI solution
S[I)Eexcri.ra [+ £ 0« (ex[[)::élc) EXp. [+ £ 0« (exl?ylgélc)
eV leV JeV spectra /eV leV leV
E(C2lsm™ F 0O 288.23 287.04 1.18 286.77 286.77 0.00
E(C5sm™ F 0 286.62 286.62 0.00 286.77 286.26 0.51
EC4lsm™ F 0O 286.62 286.43 0.18 286.77 286.24 0.53
E(C218H~ F 0 286.62 288.80 -2.18 “ “
E(C51§H F U 286.62 288.84 -2.22 286.77 286.76 0.01
E(C418H " F U 286.62 287.77 -1.15 286.77 286.74 0.03
no9o o/-m ML 1.61 1.76 2.70 3.88
E(C21s0 " F 289.47 290.64 -1.18
E(C51s0 " F ( 289.47 289.31 0.15
E(C41s0 " F 289.47 289.30 0.16
IP (C2) 289.71 288.98 0.73 290.78 293.96 -3.18
IP (C5) 288.84 288.29 0.55 289.47 292.55 -3.09
IP (C4) 288.54 287.89 0.64 289.47 292.53 -3.07
nLt -Cb)/ H 0.87 0.69 1.31 1.43
nLt -Cd)/ p 0.30 0.39 0.00 0.00
M FGHY / 292.30 292.34
H  FGCY / 297.68 297.58
0" F¢N)Y / 302.53 302.60
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Thiscombined TDDFT/XREXAFS/XR&chnique could in principle be applied to observe
the electronic structure changes of organic salt during cooling crystallisation, allowing
changes in local bonding and shoainge structure to be evaluated and providing eride

of changing ion pairing during the cooling crystallisation process.

3.4 Summary and onclusion

X-ray Raman Scattering (XRS) has been used to obtain C aaddé Knestructure spectra
for aqueous solutions of neutral Imid and the protonated ImidHambient temperature
and pressureln combination withDFT and TDDFBIculations and NAPXPS datathese
XRSlerived fine-structure spectra provide a gquantitative description of the molecular
orbitals in Imid and ImidHin aqueous solutionincluding the ifluence of the water

interaction on the electronic structure of treolvatedmolecules.

ImidH exhibits a N Kedge finestructure that is fundamentalland clearlydifferent from

that of Imid due tothe equivalence of théN moieties inthe cation. Thechange in theC K
edgeis less obvious without the complementaffpDFT calculationsvhich identified C
1sA3° F NB & yhe Whidispectrum that are not present in the Imid spectrum. This
difference indicates a change in the character of the electronic state of the C moieties

following the protonation of Imid

Previously, XPS data of Imid amlidH has been acquired using ligdjet spectroscopy
usinga synchrotrorsource TheNARXPS charge neutralisati@hould enable theC and N

1s emission spectr® be reported on arabsolute cordevel binding energy scale

Further refinement of the method for collecting solution NAPS datafor example
modifying the sample container to allow the working distance to be evaluateljing
greater control of the solution concentration, perhaps by using a flow cell, or identifying
opportunities to reduce adventitiou€ contamination of the sampleluring handling or
synthesis could result inANARXPS becoming solution characterisation technique that is

more accessible, but equally as effective, as synchrabased measurements.

The only other study in the literature where XRS is used to acquire the NEXAFS spectra of
organic solutes in solution is thia situ crystallisation oflmid from water, which was
reported by our research grop7]. Thisstudy oflmidQ@&@ and N ¥dges of though th&1SZ

to crystallisation found no significant changes to #verage solvatioof Imid until the point

of crystallisation, suggesting that desolvation is the 1latating step of crystallisation. It was

not possible to crystallise ImidHGrom water by cooling crystallisation within the
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temperature range accessible by the experimental setup, so a cooling crystallisation XRS
study was not undertaken during this beamtime. However, this XRS technique could in
principle be applied to observthe electronic structure changes of organic salt during
cooling crystallisation, allowing changes in local bonding and shoge structure to be
evaluated. Initial TDDFT analysisan ImidHCI molecular unffuggested that when the
Cland ImidHions form ion pairs in solution, the N species Ieske pseudoequivalence
observedn the solvatedmidH cation, i.e.nEnsny) 1AM - F wherefon pairs are present
Thesensitivity of the N and Gdédges to changes in local chemistry suggests thaeovirg
differences in the ImidHN kedge could provide evidence thfe extent ofion pairing during
cooling crystallisationas the solution is cooled through thdSZ to crystallisation More
advanced moleculanodelling of larger ImidtACI/water clusters, ftlowed by TDDFT, could
further investigate this observatiofrurther to this, the methodology described here could

be developed to understand the extent of ionisation at surfaces, and inagoeous

solvents where pH and pKa measurements are more diffusitg standard techniques.
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Chapter 4 Cooling crystallisation of guanidine hydrochloride: ansitu

XPDF and EPSR study

4.1 Introduction

Xray techniquesincluding @ergy dispersive -¥ay diffraction (EDXRDdmall-angle(SAXS)
and wide-angle (WAXS) Xay scatteringhave previously been used to observehe
emergence of longange order duringrystallisationfrom amorphous material$451,452]

or melts [191,453] or the crystallisationof inorganic salts or nanoparticld454,455]
However,until recentlyour ability to probe the local structure of a crystallising solution has
been limited by the timeand lengthscales of availablexperimental techniquef39]. The
development of Xay total scattering, which detects diffuse and Bragg scattering, has
allowed the determination of short to mediumrange atomic structure in disordered
materials, such as liquids or solutiokighbrilliance synchrotron Xay sources now provide

an opportunity to rapidly collect -¥ay data in realvorld sample conditions, allowing

materials to be monitoredn sity, even during phase changge].

Analysis of Xay pair distribution function (XPDF) patterns of a solution, as ¢baed
through the metastable zonéViISZ), provides information on strucad changes from an
undersaturated solution to a supersaturated solutiom the crystallised phase in solution
Extracting the atorratom (partial) pair distribution functions (PDRENd identifying the real
space correlations in the probed systems requicesputational structure models to be
developed from the scattering data. Combining PDF analysis with Empirical Potential
Structure Refinement (EPSR) simulati¢®287] has previously been used to reveal the
structure ofthe hydration shells around nanoparticlf&39], solvation and aggregation of

organic materials in soluti@A [223,269,286,416]and ionic liquids$[119,147]

| SN -t5CQa FlLad RIFEGE | Oljdzih aA ik 8itycodlimgY S K I
crystallisation of guanidine hydrochloride (GuHGanidinium GdnT, Figure1.11) is a

planar ion with three hydrogebonding amino groups surrounding a central carbon atom

[93]. Gdnt is of biological interest as it can inhibit enzyme actiyt$7], is a known
denaturant and influences protein foldings a side chain of arginifi@7], and as such, has

been the subject of previous computation91,92,179,184183,458] or combined

23 Using neutron diffraction isotopic substitution (NDIS)
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experimentaland computationd [92,97,181,188tudies.GdnT has been found be weakly
hydrating, due to its hydrophobic planar sif4#59], which could allow the formation of
GdnT-Gdnt like-charged ion pairfl79].

This crystallisation study of GUHCI from aqueous solution aims to further our understanding
how molecularinteractions change during phase transition. Computational analysis using
EPSR simulations, which refine the modelled system to experimental data, have been carried
out with datasets from across the MSZ and after crystallisaBatistical analysis of #

modelled solution structures, using EPSR and didd46i8], hasalsobeen undertaken.

4.2 Method

The cooling crystallisation of an aqueous solution of 9 M GhB€beenstudied using a
combination of XPDF and EPSR modell8agaple preparation ofthe solid GuHCI (as
received and recrystallised) and 9 M GuHCI aqueous solution, is described in 3&ct#on
overview of the workflow for the colleitin of Xray total scattering data is presented in

Figure2.17.
4.2.1 XPDF data collection and processing

X-ray total scattering data were collected at thera¢ pair distribution function (XPDF)
beamline 1151, atDLSFKigure2.16), at 76.7 keV (0.163 A373]. The large area Perkin Elmer
detector (PE XRD 4343 CT detector) has an active area 0f 432 x 432 memA 1 K mpn > Y
size. The irtsument was calibrated with silicon. Furtheéietails of the operation of the

beamline are irfection2.5.4.1

The detector positioning gave access ta.F 40 A'. A higher Quax provides better pair
distribution function (PDF) peak resolutiaithoughin the case of organic materials, a lower
Qmaxis used to process the dafa01,367]

The arrangement of thén situ set up at beamline 114 for the cooling crystallisation
experimentis shown inFigure4.1a&b. Thein situ closedloop flow cell setup has been
developed to resemble the equipment used in ladoiry-style cooling crystallisation studies
(Figured.1c). A water bath controls the temperature of the ~150 ml stock solution, which is
stirred with a magnetic stirrefS5 mm x 30 mm) at 300 rpm to maintain a uniform bulk
solution temperature. The solutiomvas circulated by a peristaltic pump(~85 ml/min)
through insulatedMarprene tubing (6.4 mm OD, 3.2nmD) to the Xray transparen mm

OD Kapton tubeGoodfellow. Continuously providing a fresh solution sample at the Kapton
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window by circulating the solution minimised any possible beam damage:typeK

thermocouple recorded the solution temperature.

Insulated

M
Jacketed arprene

- tubing
vessel Q 7

&' Magneticstirring plate
¢’

Kapton tubing:
6.0.mm 0D

Marprene tubing: Thermocouy le -

32mmID,
6.4 mm OD

__ Towater bath
circulator

~150 ml solution
in jacketed vessel

From water bath
circulator =

[Magne(icstirrer ]

C

Figure4.1 In situexperimental set up at beamline 1%, DLS(a) & (b) jacketed flow crystalliser
arrangement with(c) X-ray transparent Kapton tubing foXPDF analysis

Images of the jacketed vessel and the Kapton tube were recorded and were visible from the
control room so anproblemswith the experimental set upould be identifiedn real time.

For example, significandir bubbles in theKapton tube affecting the signal could be
identified, and the onset of crystallisation could be observedtee experiment could be

stopped before crystals accumulate in and block the tubing.

The solution was heated t065°C, after which the set point of the water batit cool the
solution in the jacketed vessel was set to 10°C and data collection was 3faBedttering
patterns were collected continuously in 30 s frames. Every 120 frames, the data was stored

in a new scan, resulting in a short pause (~20 s) in ddliection.

24 The cooling rate was not specified, but the solution cooled at a rate of 0.46°C/min until

the solution temperature reached 45.7°C, after which the coalatg was 0.79°C/min.
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The data collected in thia situexperiments are listed iabled.1. The cooling crystallisation
experiment was repeated twice -fdy tota scattering data wre also collected whilst the
solution was reheated (water batbet point 70°C) to capture the structural changes that
occur during dissolution. The solution was cooled from 62.5°C (temperature of first data
collection) until just after the appearance of crystals, which occurred around 264y. X
total scattering data of deideed water were also collected with the acquisition time of 30
S per scans as the water was cooled from 68.2°C to 11T4#3e data were collected for
background correctionand was applied in the initial data processing (shown in Apgend
D.1) The resuk in Sectiom.3.2.1.2were processed usingn empty Kapton background
instead. However, the XPDF patterns of cooling water are of interdékeir own rightand
are shown in SectioA.3.2.1.1

Table4.1 List of scans and acquisition times for ttie situ cooling crystallisation and dissolutior

study
Scan # Sample Comment Acquisition time Tempoerature
per frame /s /°C
34306 Empty Kapton tube Backgr_ound scatterin 600 Room temp.
¢ single frame
343230  Run - GUHCI cooling 151 frames 30 62.519.6
crystallisation
34331 Reheating GUHCI solutio 54 frames 30 18.8:62.8
343333  Run 2 GuHCI cooling 146 frames 30 62.6c20.2
crystallisation
34348 Empty Kapton tube Backgr_ound scatterin 600 Room temp
¢ single frame
3434950 Cooling of deionised wate 218 frames 30 68.2¢11.4

The solid sampkof GuHCI wre mounted on the capillary spinner along with an identical
empty borosilicate glassapillary to collect background scatterin@ata for each were

collected with acquisition times of 600 s per scan.
4.2.1.1 Dataprocessing

The X-ray totalscattering datavere processed textract the structure factor F(Q), and pair
distribution functiond PDFY(r), also referred to here as the XPDF pattefiitee generic data
acquisition software at DLS automatically applied the initial correctionthéinternal dark
current to theraw dataduring data collectionGudrunX was used to correitte processed
datafor the instrument and sample holder backgrounds, absorption, multiple scattering and
Compton scattering365,368] GudrunX producemterference differential cross sections

F(Q) from which the reabpace PDF patternare generated by Fourier transfofh

B5¢KS C2dzNASNI GNI yaTFyMH]) 2F CO6vO Ad DONL oOFT
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[365,368] There is an option in GudrunX to correct for fluorescence. Although the chloride
ions are a possible source ofray fluorescence trial and error showed that applying a
fluorescence factor had negligible, if any, visible effect on the F(Q) or gi(§camone were

included.

For the solid samples, the background scattering from an empty borosilicate glass capillary

is subtracted from the GuHCI powderag total scattering data to acquire the XPDF pattern.

There are two ways in which the solutid¥ray total scatteringlatawill be used to analyse

the evolution of the solution structure during cooling crystallisation:

1) Temperatureresolved study of the XPDF patterrntbhie Xray total scattering of a
blank Kapton tube is background subtracted from each set of scan d&adrunX
to revealchanges in the intermoleculamteractions between the soluteolute and
solutewater moleculesduring the cooling crystallisation p&riment

2) EPSR modellinghe Xray total scattering of a blank Kapton tube is background
subtracted from selected scan data, as the structure factor related to all

components in the sample is required for molecular simulation.
4.2.2 Computationalanalysis

4.2.2.1 Solidstate GUHCI analysis

PDFgui was used for the refinement of the solid state GuHCI data, to generate a reference

XMDF pattern for the analysis of thie situcooling crystallisation dat@02].
4.2.2.2 EPSR analysis for situ crystallisation study

Structural models of the solution were generated using EPSR versi@b2306] When

the empirical potential (EP) was applied, the models were refined to increase the goodness
of fit with the F(Q) data from the GudrunX processing of thayXtatal scattering data.
Further details oEPSR are f8ection2.9.2.2.1

Componentstructure: The Gdnt ion was geometry optimised in ORCRKS BP86 BVP
def2/J to provide the starting structur§380]. TheGdm' ion geometries vary during the
simulation depending on the level of molecule flexibility set in EPSR, which is related to the
temperature of the solutionAn ion structure from the simulation of frame 150 shows the
bond lengths variation, with the N bond lengths between 0.96 A and 1.10 A, and i C
bond lengths between 1.36 A and 1.41 A.

Solution density The EPSR simulation requires the atomic nundesrsity of the sample

being modelled. Measuring the density of the sample from the crystalissitu at each
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required temperature posed a challenge. Two approaches werettniadasuring the mass

of a known volume of solution extracted from the stock $iolu using an autopipettanda

glass graduated pipetteand both resulted in inaccurate repeat measurements. The GuHCI
salt crystallised on the graduated pipette, so the complete sample mass was not measured.
The volume of the sample removed by the autaitp was affected by the temperature of

the solution (this issue had also been observed during the preparation of the Crystall6
samples, Sction 2.8), resultingin significant variation in the measured sample mass at a
given solution temperature, and so this method did not appear to be accurate or repeatable.
Furthermore, thealiquots that were extracted were not put back into the stock solution,
potentially altering the crystallisation process conditions and making the system
unrepresentative of then situconditions. Instead, the volume of the solution, the mass of
which was knownwas tracked as it cooled in a measuring cylinder to provide data to be
converted into the atomic number density. The present method seems to provide physically
sensible structural models, although finding an alternative method for ascertaining the
solution density more reliably for future system analysis should be ident{Bed Section

6.2).

ComponentLennardJones potentials and partial chargeShe atomic partibcharges and

LJ potentials used in these EPSR simulations are shdwbled.2. There are many different

force field data sets in the literatureif Gdnt [458], Ct [268], andwater [267,268,458,464.

463]. A parametrisation study was undertaken to identify the most appropriate parameters
to apply to the model, including the water model type (SPC/E and/or TIP3P), the LJ potentials
and partial charges. Detai$ this study are outlined iAppendixF. The application of charge
reductionhas been applied to empirically improve the fit of modelled data to experimental

data,andis discusseth the literature reviewin Section1.4.2.3

Table4.2 LennardJonespotentials and partial charges for Gdhand Clions and TIP3P water

q TOK) 5 K1 Wi Reference
C 0.797 3.77 0.4170
Gdm* N -0.759 3.11 0.5000 (with ZO%Rggé[rAgf;?asgeduction)
H 0.380 1.58 0.0880
] i Ref. [268]
cl cl 0.8 3.97 0.6190 (with 20% charge reduction)
Water Ot -0.834 3.1506 0.6364
TIP3P  Hi 0.417 0 0 Ref. [462]*

alennardJones | YR ¢ LJ NI Y S { $oidt aterf noafebfror483)J) ¢ Lt ot

The bond angldor water was set at 104.3463]. As is extensively described in the literature,
there is no consensus on the optimal way to model water, either alone or as part of a

soluion (Section 1.4.2.4. Aspart of the parametrisation study, EPSR solution models
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comprising water components with 100% SPC/E, 100% TIP3P and 50:50 SPC/E and TIP3P

molecules were compared and TIP3P was sele@ppendixP).

Solution structure model generationFor the EPSR molecular models, boxes of molecules
were constructed with the dimensions, atomic humber density and temperaturd@slite

4.3. The solutions comprise 694 water molecules with &b and 306Clions.

Table4.3 EPSR simulation boxes

Frame Simulation Side length of  Simulation box Atomic number
number temperature /K cubic box /A volume / A3 density /atoms. A2
GuHCI 0 335.7 38.70 57,970 0.09398
GuHCI_3 335.1 38.70 57,951 0.09401
GuHCI_4 334.7 38.70 57,941 0.09403
GuHCI_28 329.1 38.65 57,754 0.09433
GuHCI_29 328.9 38.65 57,747 0.09434
GuHCI_30 328.6 38.65 57,742 0.09435
GuHCI_60 322.0 38.60 57,517 0.09472
GuHCI_89 313.3 38.54 57,227 0.09520
GuHCI_114 303.3 38.46 56,880 0.09578
GuHCI_129 298.0 38.42 56,697 0.09609
GuHCI_145 293.3 38.38 56,532 0.09637

Each simulation was ruwith the reference potential (RP) forl;500iterations until the
system energy was at equilibrium. The empirical potential (EP) fosithalations was 4
kd/mol. TheEP simulations ran for 46800 iterations before the simulations were set to
accumulate.The accumulation and analysis routines were run for a further -50@0

iterations.

Pair correlation functionsGdnt has 10 atomgthree distinct atom typesseeFigure4.2). In
the water molecule, there are two distinct atom types in water, labelle@i@ H (TIP3P
water model).Along with Cl, the agueous GuHCI system comprises six different atomic

labels (N= 6) and so has N(N+1)/2 = 21 distipattial PDF§368].

Ht Ht

cil

a

Figure4.2 EPSR simulatiooomponentsand their atom types

Statistical analysisStatisti@l analysis to compare the simulations agecarried out with
EPSR (Clusters) agigutils(angular radial distribution functions ARD¥ertorsionfor angle

analysis and gatial probability densities (SPOX60]. Data for statistical analysis were
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collected after EP equilibrium had been achiev@etails of theauxiliary routingparameters

are in AppendiE

SPD,visualised with Aten408], provide further insight into the local coordination of
molecules around a central component, as the 3D histogram binning indicates the spatial
arrangement of the interactionsSDF have been viglised for four solutions across the
temperature range: GuHCI_3 (stage 1), GuHCI_60 (stage 2), GuHCI_129 (stage 3) and
GUuHCI_150 (crystallisation stageseeTable4.5 for Stages

Ideal distribution of ions:Before comparing thexg(r) of atomic pairs, the ideal distribution

of ions in solution has been evaluated. From the EPSR simulation box dimensions, which are
based on experimental density measurements, the ion cenweuld be ~4.5 A apa#,if

evenly distributed. The geometrical separation of fully hydrated, monovalent selvent
separated ionic pairs (SSIP) in solution was considered by Mdfl]sA rough estimation,
oFaSR 2y GKS laadzvlliAzya 2F GKS ° @k tdzSa | L
diameter being 2.78 A464], suggests a ~10 A ioentre separation (assuming a planar
interaction). With a water.GuHClItra of 2.3:1,Gdm" and Ctcannot be fully hydrated in this
concentrated solution. Using the calculation specifically for concentrated salt solutions
[465], the cationanion separation in a symmetrical (1 anion:1 cation) sdiiton’Q  (A)

is

1 ol T
Q p BT T dD Equation24

where c is molar concentration, giving a separation of 4.9 A. (Note: this calcualtion does not
account for the norspherical nature ofGdn’.) EPSR simulatiog (r) indicate iorion

interactions at shorter separation distances than these estimated averalges.

4.3 Resultsand discussion

4.3.1 SolidGuHCI analysis

Sngle crystal XRD (SCXRDiecrystallisedsuHClvas collected forefinement against the
XPDF data using PDF§t02]. Details of the SCXRD analysis are availalfecion 2.5.2
andAppendix AGUHCI crystallises as a colourless compound in an orthorhamslhit was

solved in thePbcaspace group with one formula unit in the asymmetric uRig(re4.3).

26 Based on simulations 0, 129 and 145
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“ o b:“!i(-““;:\’ AN

Figure4.3 Recrystallised GUHCI, structure solved with SCXRD: a) unit cell and packing struc
viewed along the b) kaxis and c) @xis

e

c

The atomic separation distances in the SCiRBtified formula unit are shown iApp.
Figure7 and Table4.4. Thecell coordinates of the measured structuaee shownin App.
Table 3 along with thethree GuHClstructuresfrom the CambridgeStructural Database
(CSD)AII structures belong to the space groBpca which along with the XRD analysis
(Section2.5.3), indicatethat there are no known GuH@blymorphs.No examples of GUHCI

polymorphs detected by PXRD or spectroscopic techniques were identified in the literature.

Table4.4 Atomic separations in GUHCI unit cell

Atom pair Average distance /A
C¢N 1.33
N¢N 2.30
N¢H 0.85
CcH 1.88
Hc¢ H (same / adjacent C) 1.48/2.26
C-Cl 3.73

The solid GUHCIPDF pattern was measured at room temperatur29p-K and so the
refinement was carried out for this temperatur€he refined parameters include tlettice
parameters by space group (axis lengéhs, c,and internal angle§ = )iard isotropic
atomic displacement parameters, which were assigned to each atom type in the structure.
The refinement ascarried outover a range of 0-80.0 A. AsQnax=21 A was used in the
experimental data processing, it waspplied inthe data fitting process.The Qroad
(broadening and Qamp (damping terms, which arise from experimental resolution effects
were found to be 0.035 Aand 0.037 A. A peak broadening term related to correlated
atomic motions of the molecules was constant. The scale factor for optimised fitting was
found to be 1.31.

The refinedstructure® PDF pattern is shown kigure4.4. The initial refinement withimin =
0.7 A Figure4.4, bottom) hasa residual value f/of 0.35 AchievingRyin the rangen ®H nb 1 ®o n
is said to be favourable for organic crystf@§7], but this range was based on a PDF

refinement with kin= 4.5 A, to focus on intermolecular interactions. Further PDFgui analysis
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of the GUHCI data with a refinement range of-8&0 A Figure4.4, top), which removes
some of the intramolecular interactions, results in a fit with=0.26, in agreement with the

acceptable range in the literatuj867].

min

fin = 2.5 A, Rw =026

2] [
4] fon = 07 A, RW= 035}
6 4 L
] T T T T T T T T T ]
0 10 20 30 40 50

r/A

Figure4.4 Refined structureof solid GUHCPDFs using PDFddi02]

Blue circles: experimental XPDF data; Red line: modelled PDF; Green line: difference

Atomic pair separations were extracted from the refined fits, up to a crystal length of 30 A.
The most frequent interactions are presentedAppendixA.3.21 and were used to identify

interactions in the EPSR analysis.
4.3.2 In situcooling crystallisation andlissolution

This section presents the analysis of XPDF data collection of the 9 M aqueous GuHCI
crystallising solution during cooling crystallisation and its subsequent reheating. First the
temperaturedependent XPDF pattern data are presented, followgdhe computational

structural modelling using EPSR in Sec#i@2.2

4.3.2.1 Structural evolution of solution structure through the analysis of

temperature-resolved XPDpatterns

Summary of terminology usedF(Q) is the reduced structuriactor, the corrected and

normalised structurdactor S(Q) The reduced atomic pair distribution function G(r) is the
Fourier transform of F(Qandg(r) is the atomic pair distribution fiction (seeEquationl9).
Thepartial pair distribution function gi(r) describes the probability of finding one atom type
i, around anotheih, per unit volume, irthe material[257]. The terminology is explained

further in Sectior.5.4

For the XPDF pattern study of the coolingstajlisation solution, the Xay total scattering
data were initially corrected for background scattering by subtracting the scattering data for

water in Kapton at thequivalenttemperature. It was anticipated that this process would
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remove scattering frm water selinteraction and make the solutsolvent and solute
solute interactions of interest clearer to see. Thereforea)Xtotal scattering data of water
were collected whilst cooling (6&;21.4°C), using the same setup as used forithsitu

crystalisation Figure4.l).

Initial analysis indicated that there were distinct solution structural phases in the cooling
crystallising solution in the MSZ. Similar phases were found in both cooling crystallisation
runs 1 and 2. However, due to the low water to ion ratio in the 9dlliteon, resulting in
limited pockets of bulk water in the sample, and the relatively high scattering oGtre
andClions, it was decided that it would be more appropriate to subtract an empty Kapton
background to analyse the evolution of the solutistructure (Sectiod4.3.2.1.3. The
original analysis of the XPDF patterns, where water in Kapton was used for background
subtraction, is shown in Appendix DNonetheless, analysis of the tirreeries of water X

ray total scattering data is still of interest.
4.3.2.1.1 Cooling water irKapton

There are changes in the relative intensity and separation of the peaks at ~2.0 A and ~2.9 A,
as illustrated by the dotted lines Figure4.5b. As the temperature of thwater decreases,

the second peak increases in intensity relative to the first and all subsequent peaks are
higher in intensity than at high temperatures. The separation of the peaks moves from 0.61
A1(68.2°C) to 0.88A(11.4°C). These changes areidative of increase structural ordering

being observed at lower temperatur¢466].

Offset F(Q) intensity for water
Offset F(Q) intensity for water

0 5} 10 15 20 25 0 1 2 3 4 5 6 g 8 9 10
a Q /A" b Q/A"

Figure4.5 Selected F(Q) for water: 68¢21.4°C
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This increased structuring with decreasing temperature is also seen in thd-ig(ne@.6),

as theintensity of the second and third O---O peaks increases indicating increased structural
ordering. The peak positions also shift slightly to a lewerhe feature that appears at

~3.5 A in the contour plot of the G(r) data (highlighted by a purple bdxigore4.7)
highlights the increasing intensity difference between the first and second O---O shells as the

local order in the water increases.

0--0

2nd shell 00

3rd shell

Offset G(r) intensity for water

T T

TT T T T T T T T L LN L B B B B B B L

T T
10 15 20 25 30 35 40 4 50
r/A

Figure4.6 G(r) for water: 68.211.4°C 0-50 A (inset 015 A)
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Figure4.7 G(r) for water: 68.211.4°C contour plot 015 A

The differences are clearer when theattern for each G(r) with the first (higher
temperature) G(r) subtracted are comparegiqure4.8). The changes that occur at 2.8 A,

4.5 A and 6.8 A relate to the shiifty to a lowefr of the successive O---O peaks. The peak at
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1.9 A (indicated with *) increases intensity with temperature, but only slightly, showing the
strongly directional O---H hydrogen bond changes very little with temperd286].
Changes to the H---H bonds cannot be identified froeBDF pattern alone, and structural

modelling to fit the data would be required.

L

11.4 °C

|

Offset difference in G(r) intensity

r/A

Figure4.8 G(r) difference in for water: 68.21.4°C

4.3.2.1.2 Coolingerystallisation Run 1

XPDF scattering dataere collected in 30 s frames whilst the crystallising solution was
cooled from &.5°C (first data collection) unjiist after the appearance of crystals, which
occurred around 20°Qn total 151 frames were collected in two scans, which means that
after thefirst 120 frames, there was a short pause (~20 s) in data collection whilst the scan
reset. The temperature of the solution was measured at the start of each fraigeré4.9).

The top inset shows the crystallisation exotherm, with an increase in solution temperature

between frames 147 and 148. The inset on the left indicates where the scan resets.

70 2 Crystallisation exotherm
60" <21
.................... ) p
501 e
OC\) ---------------- 40 12 1aa 1ae 148 150
e
30 T
'“:g? ™~ — —
201 . . : X776 118 120 122 1%4" . : : .
0 20 40 60 80 100 120 140 160 180
Frame number

Figure4.9 Run 1 eystallising solution temperature during data collection

Inset topright: a crystallisation exotherm is observed to occur during the"fdagme
hence an increase in temperature from the 140 148" frame. The central inset
indicates the point in the dat collection where the second scan starts aft@0 frames.

Temperature is measured at the start of the 30 s data collection
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The change in gradient at frame 77 occurs at ~45°C, and this is where the cooling rate
changes due to the automataefault settings of the water bath. This change in cooling rate
at ~45°C is seen in cooling crystallisation Run 2 and in the cooling water measurements
(Figure4.10), indicating that this change is not related to any physical change within the
solution. ldeally, the cooling rate would have been fixed at a set rate throughout, but

unfortunately it was not the case during this data collection.

50 —
omea ., 0.46 °C/min —=— Run 1 temperature
8 o e, —c— Run 2 temperature
o -79:9,2'46 C/min L"'—-‘.\ —=— Water temperature
=i g ",
T 45046 “Cimin ", ..
& g "+, 0.81 “Clmin
E ~ H\HF I\\
2 5. 0.80 °C/min .
0.79°C/min “#xg_ "
40 T T T g T T T
70 75 80 85 90 95 100 105
Frame number

Figure4.10Runs 1 and 2, and cooling watexperiments: temperatures and cooling rates

Sample temperature at the beginnitng each data frame, andooling ratesither side of

45°C where there is a change in the cooling rate duehte automatic settings of the
chiller.

Images of the solution in the jacketed vessel during the cooling crystallisation are shown in
Figure4.11. The solution becomesisibly hazier at ~30°@igure4.11b), and there is an

obvious presence of crystals at 20.4Figy(red.11c).

a~63°C b ~30C c ~20C
Figure4.11 Solution in the jacketed crystalliser at around a) €3 b) 30Cand c) 20C

Not all the solvated GuHCI recrystallised during the cooling crystallisation. Measuring the
mass of filtered and dried recrystallised GUHCI indicated a yield of only ~2%. This yield is an
underestimate, as the process of removing and filtering the crystised the dissolution

of some of the solid that formed. However, it illustrates that a significant proportion of

GuHCI was likely still in solution at the end of ihaituexperiment.

The significant features at lo® values in the normalised S(Q) adbefore data reduction

using GudrunX) indicates that there is lenagnge order, and therefore crystals are present,
in the final four framesKigure4.12).
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—— 150 (/850) |_
— 149
—— 148
147
146

S(Q) intensity

Q/A?

Figure4.12 Run 1: offset S(Qfpr the first frame (frame 0 62.5°¢ and the final eight frames.

The intensity of the final frame (13D.0°Q, where the most solid crystal product is
present, has been redudeby a factor of 650 so that it can be plotted alongside the othi

data.

The trough between the peaks at 2.7 And 3.4 A (indicated with *in Figure4.12) is
shallower in run 146, indicating some lerange structural change is occurring, although
not to the extent seen in the following scattering patterns. Note, the first frame is assigned
frame 0, as this is consistent with the data collection at the beara.timtotal, 151 frames
were collected, §150. Frame 150 intensity has been divided by 650, as the intensity was a

factor of 650 greate due to the large number of crystals present in the Kapton window.

Looking at normalised and corrected F(Q) data fordbeling crystallisation run, again the
final four frames indicate the presence of lerange structure Eigure4.13a&b). The first
principal peaks in th GUHCI solution are at 1.8'And 2.4 A, followed by peaks at 4.0%A
6.3 Atand 8.4 A.In pure water, the peaks are positioned at 2.6, 8.9 A, 4.9 A, 7.2 A
and 9.5 A (Figure4.5), which indicates that water structure does not dominate in this

solution,indicating thatthe majority if not all water is solvating thens in solution
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C |

Offset F(Q) intensity - Run 1

Frame 0: 62.5

15 20

.0°C

Offset F(Q) intensity - Run 1

. . . o s 4.0
b Q /A"

Figure4.13Run 1: a) offset alternate F(Q) and b) offset l&vF(Q)

Longrange order can be seen emerging up to 50 A in the final frames of theFa(uyg
4.14a). These features are clearer in the G(r) pl&igyre4.15), where the features in the
highr are magrfied. The difference between the first and lagf)is shown irFigure4.14b.
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Figure4.14 Run 1: a) offset g(r) €50 A) and b) g(r) comparison of the first and last XPDF
patterns
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Some differences in the G(r) chaseen by eye, for example lomgnge order can be seen
in the top four G(r) XPDF patternshigure4.15a&b, with little obvious evidencef long
range interactions in the solution before this paifthere is a peak forming at 6.5Hgure
4.15b, d).

Figure4.15c shows the longange order of the XPDF patterns more clearly, and illustrates
that there are no significant features indicating molecular interaction of GeH®OI Auntil

the final four franes of data.

Solid GuHCl]
& g
2 5
£ £
& S
B B
& 2
& o
62.5°C 1
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a r/A b rIA
-~ Final 5
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Figure4.15Run 1: a) offset G(r) (B0 A) b) offset G(r) data (15 A) and c) every fourth G(r),

10c50 A

The contour plaog of the G(r) inFigure4.16a&b show that there is some level of lomgnge
order in the solution, illustrated by thaiht blue and red bands, which match the peaks and
troughs of the solution XPDF patterns. The emergeotclongrange structure of GUHCI,
matching the solid GUHCI XPDF pattern in green, can be seen in the final few fragnes (
4.16a purple box and shown inFigure4.16d). There in an increased intensity at ~12 A
(orange boxFigure4.16a). Figure4.16c shows that there israincreasing trough at6 A

with an increasing intensity at ~8 A as the solution temperature moves through the

metastable zone.
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80 U Frame 120 27.9°C

Frame Number

c d

Figure4.16 Run 1:G(r) contour plos a)0¢50 Aand b)10c50 A c)1¢8 A and d) 4¢50 A(last five
frames of dataonly)

Some intensity changes are clearer in the G(r) difference gfagsie4.17a&b). Aside from
the emergence of longange order in the final four frames, the obvious differences appear
to be for shortrange correlationsindicated by * 8.2A)andd (~6 A), where a feature forms

upon crystallisation)

a b
Figure4.17 Run 1- G(r) difference patterns a)¢50 A and b) §10 A
G(r)¢ G(r) of frane 0 (62.5°C)
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