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For many years, the question of how to improve the physical properties of Active
Pharmaceutical Ingredien{®\PI$ without changing their covalent structure has challenged
the pharmaceutical industry. The development of multicomponent crystal forms has
emerged as a significant strategy for improving key properties such as solubility, stability, and
bioavailability, vhile also providing additional avenues for addressing patelsted
challenges. To facilitate the discovery of novel multicomponent forms, deeper

understanding of intermolecular interactions is crucial.

We present a systematic study of the intermolecular interactions of two common
pharmaceutical cocrystal coformers: isonicotinamide (INA) and nicotinamide (NA). Despite
their structural similarity, these compounds exhibit markedly different intermolecular
interactions and, consequently, distinct cocrystal formation behavioufkis thesis
encompasses database analyasigl extensive experimental screeningle characterize new
cocrystals, hydrates and solvates of INA and idig soligstate techniques includg
Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), Paager X
Diffraction (PXRD), and scobthte Nuclear Magnetic Resonance (NMR). Soligiate
intermolecular interactions are investigated through NMR titrations, Insensitivelei
Enhanced by Polarization Transfer (INEPT), Correlation Spectroscopy (COSY), and Nuclear
Overhauser Effect Spectroscopy (NOESY).

Additionally,herein is the effectivecombination oftime resolved PXRD ai@lLASSIC NMR to
observe in-situ solid-state transformation between different stoichiometric ratios of
hydroxybenzoicacid: cyclicamide cocrystal formsWe reportthe discovey of three new
cocrystalforms. 2-HBA:INAs, 3-HBA:NAs, and 2,3DHBA:NA and successfully show the
stepwise mechanism of formationof all three cocrystals. The necessary experimental
conditionshave beeroptimisedto observein-situ conversion from the8-HBA:NA cocrystal

to this novel3-HBA:NAg form, andfrom the 1:3 formback tothe 1:1in atime-resolved
experimental seup. Thesein-situ NMRconditions argested andverified by the conversion

of 2,3DHBA:NA to 2,3DHBA:NA. This comprehensive study provides important insights

into the intermolecular interactions governing multicomponent crystal forms.
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Chapter 1- Introduction

1.1 The Cambridg&ructural Database

The Cambridge Structural Databa@@SD' is a repository of smatholecule organic and
metalorganic structures, containing over 1 million chemical structdréslowever, only a

small fraction of this number are approved drug molecudidsany potential drug molecules

fall by the wayside during the various processes involved in getting a candidate from discovery

to approval, which is seen by the 96% overall failure rate in drug developfm&here are

many reasons for this, such as tighter regulations by the authorising bbdiss increasing

cost of clinical development, but also the fact that there is not enough human resource to
screen and trial all the possible candidates. In an attempt to combat this, there has been a
AoAGO0OK FTNRBY GKS NI RA G kagoyfdlised adtiistidietid knowlgdge S NN |

based approach

Successful drug molecules tend to be formulated as oral solid dosage forms including tablets,
capsules, and powders. Patients prefer this route of administration because it is convenient,
non-invasive, and easy to transport. Pharmaceutical industries aadthn regulators prefer

this formulation because of the cost efficiency of their production. Despite these advantages,
the main downside of the active pharmaceutical ingredie(®I3 is often their poor
physiochemical properties e.g. bioavailability wmlity, shelf life and tastenasking to name

a few 8

Considering the complexity of developing a new molecular entity [NME], improving the
OKI NI} OiSNrhaiGtAOa 2F SEAalGAy3d Y2t SOdz Sa YLeé o
G22Q RNMzZaz AG KFra Ffaz2 SR (2 Yey®imprea®St YS

characteristics without changing their covalent chemistry.
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1.2 Multi-component pharmaceutical forms

Solid state APIs are categorised into two systems: amorphous and crystallimnerphous

a2t ARaA KI@S y2 Wi2y3 NPWAS thigddds dtdkantagousiakdS A NJ 2
can produce some desirable properties, for example, faster dissolutiof¥ttis also usually

results in variable chemical stability and physical properties of these sélMsanwhile

crystalline formg? unlike amorphous solids, have ordered structures made of consistent
repeating units. The same chemical compound can exist in different crystalline forms, known

as polymorphs#Crystalline forms are more thermodynamically stable than amorphous solids

and hence more than 80% of marketed drugs are formulated in the most stable polymorphic
crystalline form!® Crystalline forms can be classed as single component, as in the case of
polymorphs, or multcomponent. Multicomponent compounds consist of at least two

different molecules in their unit cell. Examples include solvates, salts and cocrystals.

N g

Crystalline Amorphous
Polymorphic form Salts Hydrates Cocrystal Solvates Single component  Multi-component
+—— ¢
- * -
— $ ¢ ¢
TR ) . ‘
#1U% =charged =Water sfa=coformer  § = Solvent molecule

molecule molecule

Figurel-1 - The different soliestate forms of APIs
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1.2.1Salts

The International Union of Pure and Applied Chemistry defines a salt as a "chemical
compound comprising an assembly of cations and aniod8."In the context of
pharmaceuticals, a salt is a multicomponent system that consists of an ionizable active
pharmaceutical ingredient (API) and a counterion, arranged in a specific stoichiometry to
achieve charge balancBharmaceutical salts account far leasthalf thedrugs currently on

the markd. This prevalence is due to seveaalvantages, including the ease of production,
the broad selection of anions and cations available for salification, and the ability to modify
physicochemical properties such as solubility and dissolution rate. Enhanced solubility and
dissolution rates areparticularly important as they can lead to increased drug
bioavailability!”?° The production of pharmaceutical saltsfaouredfor its reliability and
simplicity?! By altering the counterion, it is possible to generate a variety of compounds with
distinct properties, which can be tailored to meet specific therapeutic needs. The propensity
of a drug to form a salt primarily depends on the presence of functional grewhin its
structure?? Most APIs contain either weakly acidic or weakly basic functional groups, or
sometimes both. For acidic drugs, sodium is the most commonly used cation, while basic
drugs typically utilize chloride ions derived from hydrochloric aidh classic example is
naproxen, a widely used nesteroidal antiinflammatory drug (NSAID) known for its pain
relieving properties. Naproxen contains a carboxylic Agidtional group, enabling it to form
salts such as naproxen sodium. This transformation into a salt form results in significantly
faster absorption, as evidenced by a reduced time to reach maximum plasma concentration

Tmaxcompared to its free acid forn?

Na+ ®) ~

>
Figurel-2 - Chemical structure of Naproxen sodiurmpopular NSAID pharmaceutical salt
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In recent years, there has been an increasing trend towards formulating APIs into salts with
L-h -amino acids like aspartic acid, glutamic acid, arginine, and ly8ifleese amino acid salts
offer additional benefits in terms of solubility and absorption rates. For instance, ibuprofen,
another commonly used NSAID available over the counter, is formulated as ibuprofen lysine.

This formulation has demonstrated more rapidsorption compared to its traditional forss.

1.22 Hydrates and solvates

A solvate is a multicomponent crystalline solid, containing both an APl/excipient and a solvent
moleculein its unit cell 2 When this solvent is water, the multicomponent crystal is called a
hydrate?®. Depending on the number of water molecules in the unit cell, these structures are
categorised as monohydrate, dihydrate eBolvates and hydrates are a frequently observed
phenomenor?® with roughly onethird of all organic molecules possessing the ability to form
hydrates®® What makes these so common? Firstly, the water molecule is one of the most
abundant molecules on earft and the size and flexibility of a water molecule makes it easy
for most smaller APIs and excipients to form hydrates and solvates wiflingéxt, the ability

of water to act as a hydrogen bond donor and acceptor, makes it suitable for intermolecular
02YRAY3I gA0K AlGa WK2aldQ Y2fSOdzZ Sa | yR LINBa
negatively charged regions make is distinctive, compareather organic solvents. A study

of organic solvents in the CSD showed that water [20,850] is the most common solvate in the

repository, followed by methanol [5007] and dichloromethane [43%#9]

Solvates demonstrate distingthysiochemicaldifferences to their respectiveinsolvated
counterparts including chemical stability, solubility, mechanical properties, and melting
point.3® However, solvates arkardly viable pharmaceuticatince traces of organic solvent
could potentially be harmflu Interestingly, hydrates generally exhibit increased stability
compared to their respectivanhydrites yet they display reduced aqueous solubility and
rather precipitate in water compared to its anhydrous form. It is therefore crucial to
determine if an API forms hydrates; to maintain bioavailability and reduce manufacturing

disturbances3*

17



1.2.2Cocrystals

Cocrystals have been a hot topic in crystal engineering for many years. In li&tiickr

Wohler claimed he discovered quinhydrone combining quinone, and colourless hydroquinone
resuling in green crystalline product. After some chemical analysis, he concluded that this

LINE RdzOG ¢ a mYmM &a02AOKAPPBS dhbBsedsdme $ishidSiStfe K& RN
crystallography community about the chemical composition of quinhydrone until Matsuda

and colleagues irrefutably verified its structure using single crystaPXRiere are records

of hundreds of what we now know as cocrystals, however we have the problem of numerous
names used to describe the same thileg-molecular complex, muktomponentcrystals?

and cocrystal® In the past three decades, there has been revolutionary work towards the
understanding hydrogen bonding and cocrystals, owing to pioneers including Margaret C

Etter 4®4?2 and Gautam RDesiraju on crystal engineering of cocrystéis*

The United States Food and Drug Administra{feA defined cocrystals in a draft document

as& RA & a 2 OaxcigehtSnoléctlar complexes wherein both APl and excipients are
LINSASyd Ay GKS .*“EHoweSer, tisBefinitionfcaused doeludr&stamongst
academics and industry experts, as it is not concise and does not differentiate cocrystals from
20KSNJ Ydzf GAO2YLRYSYl a2t AR F2N¥ad ¢KS wnmy d
composed of twoor more different molecules, typically APl and cocrystal formers
(coformery, in the same crystal lattic® The European Medicines Association conversely
FR2LIGSR | RSTFAYAGAZ2Y AAYATI NI G2 2yS LINRPLR2A&ASR
that are crystalline singiphase materials composed of two or more different molecular

and/or ionic compounds enerally in a stoichiometric ratio, which are neither solvates nor
AAYLX S%4al £ da¢é

Pharmaceutical cocrystals are a sdilision of cocrystals. They contain the most favourable
polymorph of an active pharmaceutical ingredi¢AP) and at least one food or drug grade

generally regarded as safg&RApcoformer, bonded nofcovalently in a fixed stoichiometric

ratio in the unit cell of a crystal lattice. Pharmaceutical cocrystals offer a great way to adjust

the physiochemical properties of drug molecules depicteligure 1-3. Numerous studies

have been successfully conducted of authorised medicines to determauernystallisation

can improve their less desirable properties e.g. Lamotrigine compressibility*
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hydrochlorothiazide ¢ permeability*® danazoivanillin - 10fold higher bioavailability

compared to danazol.

applications

Figurel-3 - Common applications of cocrystals in materials and pharmaceuticals industries
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1.3 Cocngtal screening techniques

Cocrystalgan be synthesized using either sedighte or solutiorstate methods, each offering
distinct advantages and limitations. Sefithte techniques for cocrystal screening are
particularly advantageous because they produce cocrystals with little to no golven
involvement. Solid state techniques typically rely anechanochemicaforce, whereas
solution cocrystalscreening relies osupersaturatior?® Below are discussed a few common

screening techniques.

1.3.1Solid state methods

Neat Grinding

Neat grinding also known as drgrinding,is a widely used mechanochemical method for the
synthesis of pharmaceutical cocrystals. It involves mechanically grinding an active
pharmaceutical ingredient (API) and a coformer together without the use of solvents. This
process relies on mechanicahergyto induce molecular interactions, which are necessary
for cocrystallisationWhile simple and environmentally friendly, dry grinding requires careful
optimization of parameters such as grinding time, force, and equipment to achieve efficient
and reprodwible cocrystal formatiof>® The use of ball millsurmount the issue of

reproducibility andscalability®*

Liquid Assisted Grinding

LiquidAssisted Grinding (LAG3ometimesreferred to as solvent dromrinding, is a
mechanochemical technique that enhances the efficiency of dry grinding by incorporating a
small amount of solvent into the grinding procesAG has proven to be more effective than
neat grinding®®with a greater propensity for polymorph discovefp® This method leverages

the mechanical forces of grinding, while the added solvsrhought toact as a lubricanbr

a catalyst facilitating molecular mobility and interaction between the actplermaceutical
ingredient (API) and the coformé? The presence of a solvent can also lower theergy

barrier fornucleation, leadingo faster cocrystal formation compared to neat grindfgP®
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Hot melt extrusion

Hot melt extrusion (HME a popular technique, which has long been used in the food
industry,®® before being used as a cocrystallisation technidtxrusion refers to a method of
squeezinga material, in our case cocrystal coformeusder high pressure and temperature
through acavity. This process melts tleformers, allowing them to mix at a molecular level.
The cocrystaforms in the meltand is fed through the di€* Upon cooling, the mixture
solidifies into a homogenous product, often in the form of an amorphous solid dispersion or
a crystalline structure, depending on the formulation and processing condifidms method

is advantageouslue to its fast operating time and reduced wa$tdt is also known to
produce high purity cocrystals, however thare only usually the samgolymorph The
absence obolventsmakes it environmentally friendly, and its high throughput nature make

it a popular cocrystacreening techniqué? 63

1.3.2 Solution acrystallisation

Solution cocrystallisationleverages the principles of singtemponent crystallization,
adapting them to accommodate multicomponent systems involeiogyystalcoformers.The
choice of solvent is critical and depends on the solubility of coformfessnentioned above,

the process is driven by supersaturatiohpwever in abinary cocrystal system the
concentrations of both components must be consider&mlution cocrystallisation offers
distinct advantages over soistate methods, such as precise control over the purity, size
distribution, and morphology of the resulting cocryst&i§he main techniques are cooling
cocrystallisation and solverdgvaporation In the coolingcocrystallisationapproach both
coformers are dissukdin a solvent at raised temperates, followed ly a controlled cooling

As the solution is gradually cooled, trslubility ofthe components decreases, leading

to supersaturation, which induces nucleation and crystal grofthSolvent &aporaton
method involves dissolving both coformers in a suitable solvent, which is then evaporated to
achieve supersaturation. This supersaturation facilitates nucleation and growth of cocrystals.
Solvent evaporation is particularly effective for producing singfstals that are suitable for

structural analysis due to its ability to yield wd#fined crystal structure®: 8’
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1.3.3 Computational screening

The use of computational tools has revolutionized cocrystal screening, enabling the prediction
of suitable cocrystal coformers before experimental validatidrnese techniques utilise
advanced modelling and simulation methods to predict molecular interactions, stability, and
the likelihood of cocrystal formation. The main advantages of computational screening are
the time efficiency and resource conservatidrey offer. These methods also increase the

ability of researchers to explore the chemical spéte.

Crystal structure prediction (CSP)

Crystal structure prediction is one of the most prevalent computational approaches for
cocrystal screening. CSP models simulate potential crystal structures based on, lattice
energies, intermolecular interactions and molecyteoperties Bypredicting the probability

of lattice energies combinindgpased on size and inter/intramolecular forces of attractvoa

are able to theoreticallypredict cocrystal formatio® "° CSP wasecently used to rank
potential coformers for antiviral drug candidat®laleic acid was ranked highest, and this was

confirmed experimentally*

Molecular complementaritgMC)analysis

Molecular complementarity involves the use of polarity and shape descriptors to predict
possible cocrystal coformers. C8balysis was carried out on organic crystal structures and
131 molecular descriptors were calculatin each moleculeising a range gfrograms. The

RS & ONR LI 2 NJ WT NI QtlieXractioh of nitcdgehn landJoxghari adaNigl@aied

the highest relevance in cocrystal formation, suggesting that if coformers have similar

polarity, they are more likely to fornd? 73

Hydrogen bond propensitiBP)

This method was first introduced by Etter in 1991, by analysing the patterns functional groups
exhibit in crystal structures in the C&IXhere is now a tool available within Mercury software
that can predict if a cocrystal would form on not, basedtbe functional groups and the
occurrence of intermolecular interactions between those functional groups in the T&#D.
method quantifies and ranks the likelihood of coformers forming hydrogen bonds, based on
their functional groups* 7°If the most likely pairwise hydrogen bonds are present, then the

probability of forming a hydrogen bond is high. This method is also useful for differentiating
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between coformers more likely to interact witach other, rather than an API. Studies have
demonstrated that combining hydrogemond propensity (HBP) with other computational

tools such as molecular complementarity significantly improves the accuracy of cocrystal
predictions’® For examplea computational screening study based on MC and id@&Rified

17 potential coformers from a library of GRAS compounds. Experimental validation lead to

the discovery of a new cocrystal form with improved dissolution rates compared to the pure

drug.”” Another virtual screering studyemployed HBP and MC, combined with CSP and
Molecular electrostatic potential mapping to explore cocrystallisation between dapsone and
OALRBRNARAYS RSNAGIGADBSE HIHQ YR nInQoALRNRIE
coformers for DDS and ranked themsled on their likelihood to form cocrystals. From this

set, the top 20 coformers with the highest HBP scores were further analysed using molecular
O2YLIX SYSYUIl N AGed LyGaSNBailAy Dipyidine was § sugable | y | £ &
O2F2NXSNJ F2NJ 55{ odzii adzZa3Sai S Roipyidine @2 @NE & G I f
differences in molecular geometry and polarity. These predictions were validated
experimentally through mechanochemical grinding, slurry experiments] aontact

preparation methodg?

Machine learnindML)
Machine learning methods fall inttwo categories: supervised and unsuperviséd.this
thesis, we use supervised machine learnir@upervised ML has labelled input variables [x]

and output variables [y]. An algorithm is used to learn the mapping function from x to y.

Y =f[x] Equationl-1

In supervised learning, the goal is to train the algorithm to understand the patterns in the
data so that when the input is new, unseen data, it will correctly predict the outcome based
on what the algorithm has learnt. Howevevhen theML model is fitted todightly [defined

as overfitting], it learns the fluctuations and noise in the training data and is unable to predict
from unseen inputsaccurately, rendering the model inaccurate. This is a common pitfall in

al[ YR AYLI Ol a GKS alisez Gobversel, ifla nddeél fs turderfite!, thigé Sy S NJ
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model can neither model training data nor new data, rendering the model useless. A good,

supervised model ignores the noise and spurious correlations in the data.

Training dataset
Pizza  Hotdog

é? —

Machine learning
Algorithm

Class: Hotdog

v

N NN
|

Unseen, unlabelled

% data

Figurel-4 Schematic showing principle behind supervised machine learning

Machine learninghas recently been employed as a cocrystal screening tool du¢héo
availability of large datasets of known cocrystalsgathered from experimental data
Sophisticated algorithms utilize a range of features, including molecular descriptors,
hydrogen bond propensity (HBP), and lattice energies, to train predictive models that can

accelerate the discovery of novel cocrystal forms.

The application of ML in cocrystal screening has seen the implementation of various
techniques, each with its own strengthArtificial neural networks (ANN) are the most
advanced ML algorithms due to their versatility and extreme level of model compléxity
l bbQa 6SNBE AYAaLANBR o0& GKS 2LISNIOGA2ya 27
Frank Rosenblaf® Artificial neurons are organised into multiple interconnected layers,
comprising of input, output, and hidden layers. The connections between neurons are

assigned weights; the value which represents the knowledge of that network and bias is
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applied. The data are then transmitted to the subsequent layers until it reaches an output
layer. At the output layer, the probability of which class the input data belongs to is derived.
If the prediction is wrong, these data can be back propagated tdjusaweights ANNhave
shown particularly promising resulis predictingcocrystal coformecomplementarity 8': 8
as well as physiochemical properties suchlattice energy, crystal density anaelting

point.83: 84

Otheralgorithmssuch asupport vector machinesSVM), which works byinding an optimal
hyperplane thatseparatesdata points into different classeshas also been shown to
effectivelyrank cocrystalcoformer complementarity 8 Random forests (RE)e built from
multiple decision treesluring training Each tree is trained on a random subset of the data
and features, reducing overfitting and improving generaliza#forhe final prediction is made
by averaging (regression) or majority voting (classification) across all®fr&eis technique

has also proven useful @ocrystal prediction®®

The choice of molecular representation and feature selection plays a crucial role in the
performance of these ML modeté.Researchers have employdd and 2D descriptors,
Extendedconnectivity fingerprints (ECFP), asidhplified molecularinput line-entry system
(SMILES) to extract relevant information from drug molecules and their potential coformers.
Feature selection algorithms have been utilized to optimize the number of descriptors,
balancing computational efficiency with mel performance® Despite its many advantages,

the main pitfallof machine learnings that itcannotcurrently be relied on aan independent
method of screening/Ve discuss thdetails ofmachine learning algorithms used in this study

in chapter 4.
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1.4 Intermolecular interactions in cocrigs

1.4.1 Hydrogen bonding

The hydrogen bonding is as an intermediate range attractive interaction between an electron
deficient hydrogenand an atom or a group of atoms in the same or a different molecule.
Hydrogen bonds (HBs) are usually denoted By X-%Y 6 R2y 2 NXI OOS LJi 2 ND ¢
electronegative atom or group, that is more electron dense than hydrogen, for example
oxygen, nitrogenfluorine, double and triple bonds. Y, the hydrogen bond acceptor, is an
electron dense region. This usually means it has a lone pair of atectaod the three dots
represent the hydrogetvond. °1 °2 MargaretEtter studied hydrogen bonding in -coystals

and produced a set of rules which forms the basis of a lot of work done today.

9GGSNRAE NHzZ Sa adlrasS GKIFAGT

1. All good proton donors and acceptors are used in hydrogen bonding.

2. Sixmemberedring intramolecular hydrogen bonds form in preference to
intermolecular hydrogen bonds.

3. The best proton donors and acceptors remaining after intramolecular hydrogen

bond formation form intermolecular hydrogen bonds.

Etter and ceworkers also introduced graph set notation for describing and distinguishing
hydrogen bonding motifs, based on the number of donors and acceptors. It is portrayed as
G4(n), where G is one of the observed patterns; Self (S) for intramolecular hydrogen bonds,
Chain (C) for infinite chains, Ring (R) for intermolecular rings, and Discrete (D) for finite
structures as seen in Figutes. Number of atoms in motif is (n) and the number of

acceptors and donors is a and d. The variables a and d aieahaded when a = d = 1% %3

94
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S(6) R2,(8) C(2)

Figurel-5 ¢ Examples of common graph set notations

Hydrogen bonds are important necovalent interactions, and a single HB can greatly change
the characteristics of a whole molecfe Hydrogen bond strength can be estimated by their
Gibbs free energyDG) and substantial work to measure HB donor and acceptor strengths has
been undertaker?®®® Raevesky created a package; the HYBOT (Hydrogen bond
Thermodynamics) program for estimation of HB strength, which includes one for the largest
databases of its kind till date. It contains data on over 11000 hydrogen bonds, from over 600
donors and 2000 aeptors, and information on their free energy and enthalpy. This package
has also been used for prediction, and harnesses huge potential for the application of

machine learning!®

In practical terms, hydrogen bonds can be classified into 3 categories according to their
LINPLISNIASAD LYy WSTFNBE@Qa 02 2% he gilpg hydrggénNE R dzO (
bonds by strength; weak, moderate (normal), and strong, Thlllshows some properties of

the three categories. Normal HBs can be likened to those between water molecules, which
typically have an energy range ofl8 kcal/mol. HBs with energy greater than 15kcal/mol are
WAGNRY3IQT YR fSaa GKIYdznd NS WHBEIR QbKH B oG K
boundaries, and this classification is merely a guidefiddt is through the increased
understanding of hydrogen bonds that the field of crystal engineering has advanced, and we

now have the concept of supramolecular synthons.
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Tablel-1 - Guidance on properties of weak, normal and strong HBs as classified by.Jeffrey
101 Adapted from!02

. 2YR fSy3i >2.2 1.52.2 1.21.5
Bond angles (°) >90 >130 170180
Bond energy <4 4-15 1540
(kcal/mol)
Directionality Weak Moderate Strong
Type of interaction Electrostatic Mostly electrostatic Strongly covalent

1.4.2 The sipramolecular synthon

DFdziit Y wd 5SaAiNI 2dz RS FtheyuSderstanditdy dflintetmolésyla® A Y S S N
interactions in the context of crystal packing and in the utilization of such understanding in

the designofnewdi 2t ARa A 0GK RSAANBR LIKB&IHe Quirpose bfy R OK !
crystal engineering was to create dependable links between a molecule and the
supramolecules it is a member of based on its intermolecular interactions. This field has now
progressed greatly, with heavy interest in the synthesis of new camgs with
supramolecular synthons as the building blocks. To achieve this, a deeper understanding of

the chemistry of the functional groups present in a molecule is esséfitial

Supramolecular synthons are described as the smallest structural units containing the
characteristic information through which molecules assemble into supramolecules. However,

the interactions that determine crystal structures are generally weak, and-aesudt, closely

related structures often have differing crystal structures. Therefore, supramolecular synthons

must be robust in order to be generalised. The hierarchy of supramolecular synthons has been
addressed widely?’: 44 83, 10315 and there are some functional groups, including those in this

report such as carboxylic acids, phenols, amides, and aromatic nitrogen atoms that are

commonly observed as reliable supramolecular heterosynthons; groups on different but

28



compatible molecules participating in naovalent bonding® and supramolecular

homosynthons, such as carboxylic acid dimers or amide dimers.

1.5 In-situ NMR for observingrystallisation

Nuclear Magnetic Resonance (NMR) spectroscopy has long been a cornerstone technique in
the analysis ofmolecular structure and dynamic#ts unique ability toobserve specific
chemical environmentanakes itperfect for probing tle intricaciesin molecularsystems at

the atomic level!’ The versatility of NMR stems from its capacity to detect subtle changes in
the electronic environment of atomic nuclei, which are influenced by their chemical
surroundingst® Thisnon-invasivesensitivity allows research to elucidate complex molecular
structures, study reaction mechanisms, and investigate intermolecular interactiéns®

NMR has also been uséal further understanding omeaction kinetics with chemical shift

(.ppm) being measured as a function of tiff&!22

Solidstate NMR emerged as a powerful tool for reate monitoring of chemical processes,
particularly in the context of crystallization studieSarly efforts focused on developing
techniques that could selectively detect the solid phase in heterogeneous-lsplid
systems, effectively rendering the liquid phase "invisible" to the measurernémn.selectivity
allowed Hugheset al to observe and identify the first solid particles produced during
crystallization and monitor the evolution of different solid phases, such as polymorphs, as a

function of time.123

In recent years, a novel application of NMR, known as CLASSIC NMR (Combinedndquid
SolidState Insitu Crystallization NMR)which alternates between two different pulse
sequences to record both solstate and liquidstate NMR spectra as a function of tirké

124 has emerged as a powerful tool for studyioystallization processes in unprecedented
detail. The ability to measure solid and solution state specs@nultaneously provides
valuableinformation on the interplayof both phases during preucleation,nucleationand

crystal growthin oneNMRrotor 125119, 124128
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Another key strength of in situ NMR is its ability¢éweal the existence of transitionary phases
during crystallisation.By capturing the evolution of both solid and liquid phases over time,
we can now identify and characterize intermediate stateéBhis complements data gained
from other characterisationtechniquessuch asxray diffraction andRamanspectroscopy,

providing a wholistic report of therystallisatiorprocess.

CLASSIC sequence

Solution Phase
1H — Direct Detection >

Time resolved I
solution-state

spectra

IR °C{1H} high power

d decoupling
. \\\.\\ Solid Phase Time resolved
e H - 12C CP/MAS solid-state
spectra

Figure1-6 - Schematic representation of CLASSIC NMR sequence used in thisGrtedy.

Time resolved
solution-state
spectra

Time (hours)

acquisitionof *H direct detection’*C{*H} Hgh powerdemuplingand3C CP/MASolid state
makes one CLASSIEcle

1.6 Projectoverview and aims

This study significantly advances the understanding of intermolecular interactions in
pharmaceutical systems, with particular emphasis on hydrogen bonding in multicomponent
crystals. We employ a multifaceted approach that integrates statistical analyahime
learning, experimental screening, and advanced characterization methods to systematically

explore cocrystal formation anoehaviour

Our research begins with a comprehensive analysis of hydrogen bonding patterns in
cocrystals using the Cambridge Structural Database (CSD). This establishes a hierarchy of
supramolecular synthons in binary crystals, providing a foundation for subsequent
investigations. Building on these insights, we evaluate multiple machine learning algorithms

for their ability to predict cocrystal formation between potential coformers.
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A significant innovation in our approach is the deliberate inclusion of data from "failed"
cocrystal screening attempts. We recognize that these outcewlesther resulting in
unintended products or no change to pure coform@revide valuable negative dataat is
essential for refining predictive models. By documenting both successful and unsuccessful

results, this thesis creates a more complete resource for future researchers.

The experimental phase encompasses extensive cocrystal screening with selected active
pharmaceutical ingredients (APIs) and coformers chosen for their hydrogen bonding
potential. Our methodology systematically investigates various stoichiometric ratiosebat
coformers, acknowledging this critical factor in cocrystal formation. We characterize
screening outcomes using sobtate analytical techniques and complement these findings
with solutionstate NMR spectroscopy to examine intermolecular interactionthe liquid

phase. This dual approach provides comprehensive insights into moléaliaviouracross

different physical states.

We further extend our investigation to explore solvent effects by tessmlgent withvarious
polarities with the same coformer pairs and stoichiometries, yielding valuable information

about solvate, hydrate, and cocrystal formation under differeonditions.

In the final phase, we present a transformation mechanism showing how cocrystals evolve
from pure coformers through intermediate stoichiometric ratios to reach their final form. This
process is observed using timesolved powder Xay diffraction and vefied through an
innovative application of combined liquidind solidstate NMR forin situ crystallization
studies.The comprehensive database of screening results and mechanistic insights developed
through this research offers a valuable resource for tatysngineering and pharmaceutical
development, advancing the field from empirical exploration toward systematic, prediction

driven design.

31



Chapter 2- Mainprinciplesof characterisatioomethods

2.1 Thermal analysis
2.1.1Thermogravimetric analysis (TGA)

TGA is a powerful, yet simple thermal analysis technique used to investigate thermal stability,
composition and degradation behaviour of materialBundamentally, TGAnvolves
continuously monitoring the mass ofsample as it is subjected to a controlled temperature
program within a specific atmosphere. This approach yields important insights into a range of
physical and chemical processes, such as thermal decomposition, material degradation,
sublimation, evaporatin, adsorption and desorption events, as well as oxidation and
reduction reactions?® TGA operates by measuring the change in Ads§ a sample as a
function of temperature or time in a controlled environme#t! providing valuable insights

into material properties.

Balance purge
Thermocouple /

Furnace housing

Furnace purge

g

S
b
19

Sample pan

Furnace

Figure 2-1 Schematic cross section of TGA instrument sample area. Adapted from TA

instruments32
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A standard thermogravimetric analysis (TGA) instrument is comprised of several key
components: a highly sensitive microbalance capable of registering extremely small changes
AY Ylaa o02FiSy R2gy -dorrolled dusnace fai allows foriip8isé LIS NI G d

thermal programming, and an advanced purge gas delivery system

The sample holder, commonly referred to as a crucible or pamade from materials
selected for their exceptional thermal stability and chemical inertnagsniniumpans serve
adequately for lower temperature analyses (below 600°C), while platinum crucibles are
preferred for higher temperature investigations due to their superior thermal stability and
resistance to oxidatiorSample preparation playspivotal role in ensuring both the accuracy
133and reproducibility of TGA measuremeniliable results can often be obtained with as

little as 1 mg-3* particularly when sample material is scarce. The morphology of the sample
is also important; finely powdered samples with greater surface area tend to promote more
consistent heating and efficient release of evolved gases, whereas larger, solid pieces may

experience uneen temperature distribution and slower diffusion of decomposition products.

The furnace system constitutes another critical component, engineered to provide highly
controlled, programmable temperature environments. Contemporary TGA furnaces typically
operate from ambient temperature to 1000°C, with specialized systems capabdhiefzang
temperatures up to 1600°C for highmperature applications. Sophisticated temperature
controllers maintain precise heating rates, typically between 0.1 and 100°C/min, with

temperature accuracy of £0.1°C.

The data acquisition systems in modern TGA instruments capture mass, temperature, and
time data at precisely defined intervals, typically collecting several data points per second.
This high sampling rate enables accurate determination of rapid thermatewaad facilitates
sophisticated kinetic analysidodern, more advanced TGA instruments also combine TGA
with other analytical techniques like Differential Scanning Calorimetry {SC)
Thermogravimetric analysis (TGA) was selected as a characterisation technique in this study
due to its precise, quantitative assessment of thermal stability, composition, and
decomposition behaviourThis makes it valuabker identifying critical transitions such as
dehydration, degradation, or loss of volatile components in compladticomponent

formulations
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2.1.2 Differential scanning calorimetry (DSC)

DSC is another powerful thermal analysis technique used in materials science to provide
guantitative and qualitative data about the physiochemical changes occurring in a sample as
heat is applied.Modern DSC instruments operate under two principal desigaat

flux andpower compensationonfigurations'*® Heat flux is the class utilised in this study.
Heat flux instruments typicallyonsistof a furnace housing two platforms: a sample pan and

a reference pan, which is usually empty. The furnace is heated at adefeed, constant
heating rate (from 0.1 to 4@/min), with a thermoelectric disk transferring heat to the
sample and reference pans. Based on the heat capacity of the samypleh@e will be a
difference between the sample and reference pan. This difference is measured by area
thermocouples byi KS G KSNXIf SljdZA @t Syd hKyQa I ¢go

y |
— Equation2-1

n
Where q is sample heat floW.Yis temperature difference between sample and reference
and R is resistance of thermoelectric digdower compensation DSC employs separate
furnaces for the sample and reference, dynamically adjusting energy input to maintain
thermal equilibrium. This design minisas thermal lag, enhancing resolution for rapid
transitions Both configurations achieve comparable results, though heat flux systems are

preferred for pharmaceutical applications due to superior baseline stabifity.

DSC measures endothermic and exothermic differences in heat flow between a sample pan
and reference pan as a function of time or temperature. As the temperature changes, any
physical or chemical transformations in the sample will require either the ahsorpt
(endothermic) or release (exothermic) of heat. These thermal events manifest as deviations
from the baseline in the DSC thermogram, which plots heat flow against temperature or time.
The area under these peaks is directly proportional to the enthaffange associated with

the thermal event, providing quantitative information about the energy involved in the

process. DS@Was selected as eharacterisatiortechnique due to ithigh sensitivity, allowing
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for the detection of various thermal events such as melting, crystallization, glass transitions,

and chemical reaction's8

Reference Pan Sample pan

o @@

Reference platform Sample platform

Figure2-2 Schematic representation of DSC oven showing sensor base, sample and
reference pans and platforms

2.2 Powder Xay Diffraction (PXRD)

Powder Xray diffraction is a versatile analytical tofdr the identification of compounds

based ortheir diffraction pattern, which is uniquefingerprint for crystalline materialX-ray

diffraction relies on the occurrence of constructive interference betweeaayXwaves that

are scattered byhe electrons of the atoms ian ordered arrangement within a crystalline

structure *®These scattered-¥ays can interfere with each other in two ways: constructively

or destructively. Constructive interference occurs when the scattered waves are in phase,
resulting in amplification of the signahd producing a characteristic diffraction pattern that

reflects the crystal structure of the materigh KA & LIKSy2YSy2y 2yfé& 200

conditions are satisfied.

€ C’Qi Qe Equation2-2

Wherey A& |y AYyGS3aASNE < A& -rayKSis thelin@PlnSspagingk 2 ¥
2T GKS ONeradlt fFG4GAOSET I vy Rays anditie cristl$laney 3 S
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PXRD typically employs a monochromaticay source, a sample hold and a detector to

measure the intensity of diffracted-rays as a function of the scattering anglerays are

generated in a vacuum tube by accelerating electrons towards a metal target, often copper

or molybdenum in a sealed tube or rotating anode system. The choice of target material

affects the wavelength of the-days produced, which is crucial for the analysis. The resulting
diffraction pattern is often presented as a plot of intedsit S NE dza & OF GG SNR y =

containing peaks corresponding to specific crystal planes in the sample

PXRD, as the name suggests, has the abilignalyse powdered samples, eliminating the
need for large, higlguality single crystalseeded for single crystalbay diffraction.Sample
preparation typically involves grinding the material into a fine powder and packing it into a
sample holder, ensuring a random orientation of crystalliMile the ideal PXRD sample
consists of randomly oriented crystallites, many materials, particularly those with anisotropic
crystal morphologies, exhibit a tendency fowystallites to aligrpreferentially along specific

crystallographic directions
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Figure2-3 Schematic representation ofray diffractometer components
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Powder Xray diffraction (PXRD) is an invaluable characterisation tool for multicomponent
pharmaceuticals because it enables precise identification and differentiation of crystalline
phases within complex mixtures. Each component in a formulation prodacesique
diffraction pattern, allowing for the detection of polymorphs,-crystals, and impurities even

at low concentrations. This makes PXRD essential for confirming the formation of new solid
forms, monitoring phase purity, and ensuring the stabilitydaguality of pharmaceutical

products throughout development and manufacturing.

2.3 Nuclear Magnetic Resonance spectroscopy

2.3.1 Basic NMR principfé% 14e144

Nuclear magnetic resonance spectroscopy is a robust characterisation tool used throughout
this thesis, effective in its ability to investigate solutions, gels, satnls and solids. NMR
spectroscopy exploits the interactions between atomic nuclei, gulieg oscillating radio

frequency signal and an external magnetic field.

NMR relies on the unique properties of atomic nuclei to probe molecular structure and
dynamics. Atomic nuclei possess a quantum chemical property called nuclear spin (I),
combined with the nucleus's charge, generates a magnetic field, resulting in a nagnet
Y2YSYyld o0>0®d ¢KS NBfIFIOGA2YyaKALI 0SGsSSy GKS YI:
by the equation:

: r O Equation2-3

2 KSNBE + NBLINBaSyia (GKS ydzOf SFNJ F&NBYF3IySiaCc
ydzOf Sdzad® . 20K > FyR L N’ @SOG2NI ljdzZ yiAdGASacx
The ability of a nucleus to generate an NMR signal depends on its spin quantum number.

Nuclei with nonzero spin quantum numbers (I = 1/2, 1, 3/2, etc.) are Nadive, while those

with I = 0 do not produce detectable signals.
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In an NMR experiment, the collective behaviour of these nuclear magnetic moments is
observed. The net magnetization in a sample, denoted as (M), represents the sum of all
individual nuclear magnetic moments. The net magnetization vector M experiencegugetor
from the external magnetic field ¢BB causing it to precess around the direction p&Ba fixed

rate.

CKAA LINBOSaairzy 2 0OO0dzNEwhichis givéa®y: [ | NY2NJ FNBIj dzSy

114

1 o) Equation2-4

When a sample containing &tMRactive nuclei is placed in a strong external magnetic field
(Bo), the nuclear spins align either parallel (lower energy state) or antiparallel (higher energy
state) to this fieldn a phenomenon called Zeeman splittinghis alignment is governed by

the Boltzmann distribution, resulting in a slight excess of spins in the lower energy state. This

population difference creates a net macroscopic magnetizatios) éligned with B

‘ m=-1/2, p state

T P AE=hyBo

"‘*‘--.H ‘ m=+1/2, o state

Bo

Figure2-4 Schematic representation of magnetic spin states of spin 1/2 nucleus Where h is
0§KS NBRdzOSR tftlFyO] O2yail isthe magnktia field réngtd.&8 NB Y |

During acquisition, awscillating radiofrequency (RF) pulse is applied perpendicular to the

main magnetic field 8 This pulse is tuned to match the Larmor frequency of the nuclei of
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interest, for example in this work we use a 400MHz solid state magnet, heh& pulse is
tuned to 100.6MHzFor aspimmk H Y dzOf Sdzax GKSNB FINB (42 Sy SN
'y R 0 f AoHag S inlF@uredy a U

When the frequency of the applied RF pulse matches the Larmor frequency of the nuclei, a
condition called resonance occurs. This is crucial for efficient energy transfer between the RF
field and the nuclear spin system. At resonantiee RF field's oscillations match the
precession of the nuclear spinBhis synchronization allows for cumulative effects of the RF
field on the spin systemresulting in efficient nuclei nergy absorptionand inducing
transitions between spin statesThe resonance conditiors ihighly specific, allowing for

selective excitation of different nuclear species in a sample.

Initially, the net magnetization vector (M) of the sampkdigns with the strong external
magnetic field B When an RF pulse is applied, it generates a magnetic figddrBendicular

to Bo. This Bfield exerts a torque on M, causing it to precess aroupdrigl tip away from its

initial alignment along the-axis.¢ KS SEGSyd 2F GKA& GALILAY3I A&
which represents the angle through which M rotates from its original position. The flip angle

is determined by two key factors: the duration of th€ R LJdzft a S o _ 0 I yR (KS a
field. Two common flip angles aB9° and 180°A 90° pulse rotates M into the transverse (xy)

plane, maximizing the transverse magnetization and resulting in the strongest detectable
signalas seen in Figure-2 A 180° pulse, on the other hand, inverts M, flipping it to point

along the negative -axis. By controlling the flip angleye can manipulate the balance
between longitudinal (@xis) and transverse (3plane) magnetization, which is crucial for

various NMR plge sequences and experiments
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RF pulse

Figure2-5 Schematic representation of change in bulk magnetisation around flip angle as a
result of RF pulse. 9®ulse shown here.

After the RF pulse, the excited spins return to equilibrium, producing adiependent signal
called the Free Induction Decay (FID). The FID encodes the superposition of all sample
resonance frequencies, modulated by their relaxation rates. This-tiamsain signal, when

subjected to Fourier transformation, produces the frequenloynain NMR spectrum.

In this thesis, interactions within multicomponent pharmaceutical systems are investigated
using both solution and solistate NMR spectroscopy. A key factor considered in these
studies is chemical shift anisotropy (CSA). Chemical shift anisotropy arsastle
orientation-dependent electronic shielding of nuclei in molecules. In solution NMR, rapid
molecular tumbling averages out CSA effects, resulting in sharp, isotropic peaks. However, in
solidstate NMR, the restricted molecular motion preserves C®Ading to broad,
asymmetric chemical shifts. This anisotropic interaction provides valuable information about
local electronic environments, molecular orientation, and structural features in solid

pharmaceutical formulations.
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2.3.2Cross Polarisation Magic Angle Spinning (CP/MAS)

CP/MASs a powerful technique that greatly enhances spectral resolution in solid Kfgfe

As mentioned above, chemical shift anisotropy along with other anisotropic interactions such
as dipolar couplings can lead to broad peaks in solid S#\MHR spectra The magic angle
spinning component o€P/MASaddresses this issue. Magic angle spinning (MAS) is the most
significant tool in solid statBlIMR This technique averages the anisotropic interactions, by
rotating the sample at an angle relative to the external magnetic field; the magic angle which

is derived from equation:

r

ow € — p M Equation2-5

@ NROFGAY3I GKS alyYLXS G |y [I-yaver&eszolzeron @1 nc
over a complete rotation. This averaging effectively nullifies the anisotropic interactions,
including CSA, resulting in narrower spectral lines and improvedutesal For MAS to be

effective, the sample rotation frequency must be greater than spectral width in Hz. Recent
developments in probe technology now allows samples to be spun at 150KHz and above,
however MAS alone is often insufficient to produce weldved!H spectra for most organic

solids. To overcome this, we employ multyplelse sequences such as cross polarisation (CP),

in conjunction with MAS.

Nuclei studied in this thesis have low natural abundati€e(1.1 %) ant’N (0.37 %), making

it extremely difficult to obtain high quality NMR spectra in a reasonable time frame. Cross
polarisationis a method that transfers magnetization from abundant, high gyromagnetic ratio
nuclei such asH to less abundant, low gyromagnetic ratio nuclei sucH3&sor!°N. In
organics, abundant nuclei are usually in close proximity and coupled through dipolar
interactions to low abundant nuclei. For CP to occur, the Hartridahn condition must be
satisfied. The Hartmanklahn condition states that the precession frequescof the two
types of nuclei must be matched in their respective rotating frames. This is expressed

mathematically as

r O r O Equation2-6
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Where gyandgcare the gyromagnetic ratios of the two nuclei, ang&hd Bcare the applied
radiofrequency field strengths of each nucleus. When this condition is met, energy
conservation allows for efficient dipolar coupling between the two spin systems, enabling
magnetization transfer. This transfer significantly improves theadito-noise ratio of the low

abundance nuclei, allowing for faster data acquisition and better spectral quality.

/2

SPINAL 64
(Heteronuclear

decouplin
CP pling)

- CP

\n,
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Figure2-6 Schematiaepresentation of the crospolarisation pulse sequence. First, a 90
pulse is applied to théH nuclei, rotating their magnetisation into the transverse plane.
Immediately after the 90 a ramped RF field is applied to tHe¢ channel. Simultaneously, a
constant RF field is applied to tA& channel. Ramped pulse helps broaden the Hartmann
Hahn matching conditions, improving efficiency of magnetization transfer. Following contact
time, the3C FID is recordeduring this acquisition period, SPIN&.decoupling is applied

on the 'H channel. SPINA4 is an advanced decoupling scheme that provides improved
heteronuclear decoupling compared to traditional continuous wave (CW) decoupling. After

acquisition, a delay period all@xfor relaxation before next scan.
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2.3.3 Combined Liquiand Solid State lsitu Crystallisation NMR (CLASS{C)

123125, 127, 152

CLASSIMRIs an advanced isitu method for probing crystallisation from solution in a solid
state NMR rotor. This technique was originally used to detect the crystallisation of different
polymorphs from solution. Here we leverage the efficiency and accuradcyPdMASto
exclusively detect the change in local environments at the transformation of one cocrystal
ratio to another, in the presence of a liquid. The same instrument is able to view both the
liquid phase and the solid phase, simply by applying differergepsquences. Therefore, by
alternating between two/three different pulse programs, we can observe evolution of both
phases in real time. We are able to ascertain the changes in a qualitative way by changes in
chemical shifpeak positions, but also a quantitative way by the change in integrals of these
peak, provided the acquisition time remains the same throughout the cycle. The most crucial
factor is the selection of pulse sequences that selectively detect signals fronthendplid

phase and only the atution phase. As previously determine@P/MASis effective in
determining the solid phase. The method used in detecting the solution phase here is a direct
13C pulse with High Powér Decoupling (HDPEC) and a relatively short relaxation (hday
5-10s), to ensure no signal is detected from solid phase (d1 > Weshalso utise 'H direct
detection this is possible because we obtain a reference of the bsmid state'H peak(s),

which clearly contrastthe narrow'H peak(s) observed in tlemample containing the solution.
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Figure2-7 13C{H}High power decoupling pulse sequenBirectly apply 90 pulse ont*C

followed byFID acquisition angsimultaneousheteronuclear decoupling

2.3.4Solution state NMRe31%6

In Chapter 4, we study intermolecular interaction dynamics of cocrystal coformer
combinations in solution usingH solution NMR. This is possible due to the enhanced
sensitivity of solution state NMRo chemical exchange processeSolution stateNMR
involves the use of solvent species, here EtOH is the only solvent used, as we are trying to
mimic the environs of a cocrystal formed in the solid state by LAG. We also utilN®&RD
techniques; Insensitive Nuclei Enhanced by Polarization Transfer (IN&RI)Nuclear
Overhauser Effect SpectroscofNOES)YINEPT is solution state pulse sequence designed to
enhance sernsvity of low-abundance nuclei, in our cadeN, by transferring magnetisation

from abundant nuclei likéH throughscalar(Jcoupling interactions.
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Figure2-8 INEPT pulse sequence. 90° pulse is first applied t&-theiclei to rotate
magnetisation plane, followed by a delay farqupling evolution. Simultaneous 180° pulses
are applied to thé®N and'H nuclei to refocus chemical shift evolution. A final 90° pulse to

transfer magnetisation té°N nucleus and signal is acquired.

NOESY is a 2IMRtechnique used to study througspacerelationships between nuclei in
molecules. It provides important information about molecular aggregation in solution,
through spatialcorrelations between nuclei that are close in proximiypically within 5 A
but not connected through bondsThe idea of NOESY is to detect specific inter and
intramolecular interactions in solution. NOESY has been used to studygest complexes

and supramolecular assemblies, making it ideal for studying cocsystsdms.
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Figure2-9 ¢ 2D NOESY pulse program. Threef@dses are appliedhe frst pulse is applied

to create transverse magnetisation to xy plafdeémetl allows for chemical shift evolution,

with duration incrementally increased to creatbe 2nd dimensionof the spectrum The
second pulse returns magnaetition to zaxis and beings mixing time. Mixing time is the key
parameter in NOESY experiments, allowing for cross relaxation between proximal nuclei.
Shorter mixing times favour stronger NOEs from smaller molecules or closely situated nuclei,
longer mixig times allow detection of weaker NOEs from larger moleculdébase further

apart The tird pulse returns magnetisation to transverse plane for detection. t2 is the

acquisition period

In a nutshellNMR is well suited for this studyf multicomponent pharmaceutical systems
because it directly probes the local environments and dynamics of atomic nuclei, providing
both structural and interactional information at the molecular level. The use of both-solid
state and solutiorstate NMR inthis thesis is particularly advantageous: sdidte NMR,
especially with techniques such as crpsdarisation magic angle spinning (CP/MAS), allows
for the investigation of crystalline and amorphous phgsguantification of polymorphs, and

the elucidation of intermolecular interactions and local order in complex solid formulations
capabilities that are critical for characterising cocrystals, hydrates, and other multicomponent
solids where molecular moldpiis restricted and chemical shift anisotropy (CSA) is significant.
Conversely, solutiostate NMR provides higtesolution insights into dynamic processes,
molecular aggregation, and chemical exchange in the liquid phase, enabling the study of how

comporents interact, aggregate, or dissociate in environments relevant to dissolution and
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formulation. By employing both approaches, this thesis leverages the strengths of NMR to
comprehensively characterise the structure, dynamics, and interactions of pharmaceutical
systems across different physical states, thereby vyielding a deeper undeirggantl the

factors governing cocrystal formation, stability, and transformation.
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Chapter 3r Experimentamethods

3.1LiquidAssisted Grinding (LAG)

Liguidassisted grinding (LAG) was employed as a mechanochemical technique to facilitate
cocrystal screening and synthesis. All LAG experiments were performed using a Retsch
MM400 ball mill. For each experiment, the required coformers were weighed outam t
precise stoichiometric ratios (for example, 1:1, 1:2, or 2:1) as detailed in Appendix Table 3.5
of the thesis. Typically, 122.1 mg of either isonicotinamide or nicotinamide (corresponding to
1 mmol) was combined with the appropriate mass of the seléctoformer. The solid
components were transferred to a 10 mL stainless steel grinding jar alongonéi mm
stainless steel ballst 2 S| OK YAEGdz2NBX pn > 2F SiKlIy2f
micropipette to act as the grinding liquid. The addition of this small volume of solvent was
intended to enhance molecular mobility and facilitate the formation of cocrystals without
introducing excess solvent or dissolving the reactants entirEhe loaded jars were sealed

and subjected to grinding at a frequgnof 30 Hz for 30 minutegnless stated otherwise

After completion of the grinding cycle, the resulting solid was carefully collected from the jar
using a PTFE spatula and transferred to a glass vial for storage at ambient conditions until

further analysis.

All LAG experiments were performed in at least duplicate to ensure reproducibility. The
products were subsequently characterised by powderraxX diffraction (PXRD),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and, where
relevant, solidstate NMR spectroscopy to confirm cocrystal formation and determine phase
purity. This protocol ensured precise control over stoichiometry and solvent volume,
providing a reproducible and efficient route for the screening and synthesis of

multicomponent pharmaceutical solid forms.
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3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a TA Instruments TGA Q5500 analyser. Prior
to analysis, all samples were finely ground, where necessary, to ehearegeneity and to
maximise surface area for uniform heating. Approximatetf(mg of each sample was
accurately weighed using a microbalance and placed in a clean aluminium pan. The pan was
then loaded onto the TGA sample holder, and the instrument cleamias purged with high

purity nitrogen gas at a flow rate of ¢85 mL/min to provide an inert atmosphere and
prevent oxidative degradation during heatirithe temperature program was set to heat the
samples from room temperature (ca. 25°C) to 400°C atratant rate of either 5°C/min or
10°C/min, depending on the specific experiment. These heating rates were chosen to balance
resolution of thermal events with practical analysis time. The mass of each sample was
continuously recorded as a function of tenrpéure throughout the heating process.

After completion of the run, the resulting thermograsots of mass versus temperature

were analysed using TA Trios software. The onset temperature of decomposition was
determined as the point where the mass lossrve deviated from the baseline, and the
percentage weight loss was calculated for each thermal event. Residual mass at the end of
the experiment (400°C) was also recorded to assess the presence-gblatile components

or inorganic residuesAll TGA experiments were repeated at least twice to ensure

reproducibility of the results.

3.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was conducted using a TA Instruments DSC
Q2500 differential scanning calorimeter. Prior to measurement, all samples were finely
ground, where necessary, to ensure homogeneity and to maximise surface coittzintthe

pan. Approximately & mg of each sample was accurately weighed using a microbalance and
sealed in an aluminium pan. An empty, hermetically sealed aluminium pan was used as the
reference for all measurements. The samples were heated from roompéeature to 300°C

at a rate of either 5°C/min or 10°C/min, depending on the nature of the experiment. A

nitrogen purge was maintained throughout the analysis at a flow rate of 50 mL/min to prevent
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oxidative degradation and to ensure a consistent thermal environment. The heat flow as a
function of temperature was recorded for each sample using TA Trios v5.1.1 software.
Thermal events were identified from the resulting DSC thermograms, with onset

temperatures, peak temperatures, and melting points determined for each sample. The
presence of multiple endothermic or exothermic events was used to identify potential

polymorphic transitions or the presence of solvates. Each measurement was performed at
lead in duplicate, using separately prepared batches, to confirm reproducibility.

This approach allowed for the precise characterisation of melting behaviour, phase
transitions, and thermal stability in the multicomponent pharmaceutical systems under

investigation.

3.4Powder Xray Diffraction (PXRD)

Powder Xray diffraction (PXRD) analysis was carried out using both a Rigaku Smartlab SE
powder diffractometer and, whenecessarygdue to equipment availability, a Rigaku Miniflex
O0SYOK(G2L) RAFFNI OG2YSGSNY . 20K AyaidiNdHzySyida 4S5
6< I' mMdpnmy )0 2LISNFXGAy3 4G nan 1+ FYR mp Y! «
ground using an agate miar and pestle to ensure homogeneity and to minimize the effects

of preferred orientation. The powdered samples were thenetalty packed into a custom
3D-printed, reduceavolume sample holder, ensuring a flat and even surface for optimal data
collection. Care was taken to avoid air gaps and to achieve a random orientation of
crystallites. For each measurement, data were callé&cR 2 dSNJ | W NI y3IS 27
step size of 0.02° and a scan speed of 2° per minute. These parameters were chosen to provide
sufficient resolution for distinguishing between different crystalline phases and to allow for
accurate comparison witheference patterns. The resulting diffraction patterns were
analysed using Rigaku software. Phase identification was performed by comparing the
experimental patterns with those of individual coformers as well as with reference patterns

from the Cambridge 8ictural Database (CSD). The PXRD technique was used to confirm the
formation of new multicomponent pharmaceutical solid forms, to detect any changes in

crystal structure, and to assess the presence of multiple phases or impurities in the products.
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All PXRD measurements were repeated at least twice, and, where possible, on independently
prepared batches to confirm reproducibility. In cases where the benchtop instrument was
used due to technical issues with the Smartlab SE, it was noted that the les@ution may

limit the ability to distinguish subtle differences between closely related phases; however,
key features for phase identification remained accessible. This PXRD protocol ensured reliable
and reproducible characterisation of crystalline gka, supporting the identification and
analysis of new cocrystals, hydrates, solvates, and other multicomponent forms throughout

the study.

3.5So0lid-State NMR

Solidstate nuclear magnetic resonance experiments were carried out using Bruker Avance llI
HD spectrometers operating at 300, 400, and 850 MHz, with the 850 MHz system at the UK
HighField SoligState NMR Facility used for higbsolution andn situstudies. Samples were
finely ground as needed and approximately;60 mg was packed into 4 mm zirconia rotors.

For moisturesensitive materials, all sample handling and rotor packing were performed in a
nitrogentilled glovebox to minimise exposure to abspheic moisture. The rotors were then
sealed and inserted into the MAS probéor routine characterisatiod?C crosgolarisation

magic angle spinning (CP/MAS) experiments were conducted with MAS ratesl@f ki9z.
Typical parameters included a contact time of 2 ms, a recycle delay between 10 and 1200
seconds (depending on the relaxation properties of the sainpled between 32 and 1028
scans to achieve adequate sigit@noise. The*C chemical shifts were referenced to
tetramethyl silane(TMS) using the athyl peak of hexamethylbenzene at 17.35 ppm as a
secondary standard. Spectra were processed using Bruker TopSpin software, applying
exponential line broadening and manual phase and baseline correé€tmrin situ studies of
phase transformations and crystallisation, the CLASSIC NMR technique was employed on the
850 MHz spectrometer using a 4 mm HXY probe. Samples were prepared with both solid and
- avylftt FY2dzyd 2F f Alj dzA RnditiK totbrSvaséspud &tA2KHA. £ &
The experimental tocol alternated between three pulse sequences: dirddtdetection,

13C direct detection with higipower *H decoupling and short recycle delay for the liquid

phase, and!l MyYC CP/MAS for the solid phase. This approach enabled simultaneous
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monitoring of both soliestate and solutiorstate environments within the same experiment,
allowing realtime observation of cocrystal formation and transformation.

All solidstate NMR experiments were performed at least in duplicate to confirm
reproducibility. The combined use of CP/MAS and CLASSIC NMR provided detailed insight into
the local structure, hydrogen bonding, and dynamic processes in multicomponent
pharmaceutical systemscomplementing the results obtained from PXRD and thermal

analysis.

3.6 Solution State NMR

Solutionstate NMR experiments were performed primarily to investigate intermolecular
interactions, aggregation behaviour, and dynamic processes of cocrystal coformers in
solution. All onedimensional (1D) and twdimensional (2D) NMR measurements were
caried out on Bruker AVANCE Il 500 MHz #MANCE NEGpectrometers. For all
experiments, Ytrimethylsilyl)propionie2,2,3,3Rn I OAR a2 RAdzY alfd o¢{t?
as the internal reference standar8ample solutions were prepared by dissolving eataly
weighed amounts of the relevant coformers (e.ghy&lroxybenzoic acid,-Bydroxybenzoic

acid, nicotinamide, and isonicotinamide) in ethanol. Serial dilutions were performed to
achieve a range of concentrations, typically from 0.05 M to 0.5 M, déipgnon the
experiment and solubility of the analyte. For titration studies, stock solutions of each
coformer were prepared, and mixtures were made in varying acid:amide ratios as described
in Table 41 of the thesis, allowing systematic investigation oheentrationdependent
chemical shift changes and intermolecular interactidf@:. temperaturedependent studies,

the probe temperature was calibrated and maintained using the variable temperature control
unit. *H NMR spectra were acquired with standard siqulése sequences, using a typical
relaxation delay of & seconds and sufficient scans (usuatigdh to achieve an adequate
signalto-noise ratio. For 2D experiments, such as COSY (Correlation SpectroblfobgY
(Nuclear Overhauser Effect Spectrgsgh and INEPT (Insensitive Nuclei Enhanced by
Polarization Transfer), standard Bruker pulse programs were used with parameters optimised
for each system. Mixing times for NOESY experiments were varied (typicai020®s) to
probe throughspace interagbns and aggregation phenomena. For INEPT experiments

targeting'>N, magnetisation transfer frorH was employed to enhance the sensitivity of fow
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abundance nucleiAll spectra were processed using Bruker TopSpin 4.2 software. Chemical
shifts were referenced to the TSP standard, and spectra were manually phasédsaiohe
corrected Integration and peak assignment were performed with reference to literature
values and authenticated standardsll solutionstate NMR measurements were conducted

at least in duplicate to ensure reproducibility. The resulting data provided detailed insight into
the molecular interactions, aggregation, and stoichiometfycoformer pairs in solution,

complementing the findings from sol&tate characterisation techniques.
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Chapter 4Computational studies

4.1 Statistical analysis, screening and characterisation of
nicotinamide and isonicotinamide cocrystals

Nicotinamide (NA) and isonicotinamide (INA) are two widely available amides, commonly
used acoformers in cocrystals. Nicotinamide is a naturally occurring, wstrble form of
vitamin B3’ It has many dermatological applications, and is present in food items such as
meat, fish, nuts and legumés® >t is a good cocrystabformerdue to its hydrogen bonding
abilities, and has been reported to improve the solubilities of known pharmaceuticals such
as antimalarial halofantriné® calcium channel blocking antihypertensive nifedigfend

non-steroidal antiinflammatory drug indomethacit?

Isonicotinamide, is a FDA Generally Recognised As(SBRP molecules, meaning its
acceptable for pharmaceutical use regarding quality and safétyis a structural isomer of
nicotinamide and for this reason, INA and NA are of particular interest in cocrystal screening
and design. Thelgoth contain2 hydrogen bondacceptorsites: Npyridine ringand carboxyl
oxygen. The pyridine ring also contributes to intermolecular interactions thropigh
stacking. INA and NA possess the same functional groups, but in different positions. The
nitrogen group is in the meta position in NA, but in the para position in INA. Despite
possessing the same functional gps, these 2 coformers exhibit different hydrogen bonding

patterns.
O o)

\ NH2 \ NH2

= N
N 7
Figure4-1- Chemical structure dflicotinamide left) and Isonicotinamideright)

The amide is one of the most prevalent functional groups in crystal engineering, and

commonly present in hydrogen bonding supramolecular synthétisThe -CONH group
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contains two hydrogens that can be donated and two lone pairs on the carbonyl O that can
act as acceptors, giving it the ability to sadfsociate through a supramolecular
homosynthon'%® 166 Amides are commonly known to form centrosymmetric dimers, with
graph set B(8) and catemers, depicted iRigure 4-2. The amide group, coupled with
carboxylic acid forms the acaimide heterosynthon. This is a pivotal structural moiety in
experimental crystal engineering, that has been utilised for decadé<%8Similarly, to the
amides irFigure4-1, acids and amides can also form dimers and catemers, and much research

into making cocrystals of them has been carried. &t 166 16471

Figure4-2. Hydrogen bonding patterns betweemade-amide centrosymmetric dimgfteft)

and catemei(right)

The pyridine group found in both coformers is another widely studied functional group in the
field of crystal engineering. Pyridines are strong hydrogen bond acceptors due to the lone pair
on the nitrogen and the delocalization from the aromatic ring, \Wwhincakes it perfect for
competing for donorg® The presence of the weak €GB bond(Figure4-3) makes this mixed
weakstrong hydrogen bond easily exploitable in crystal engineéfindhere are readily
available data advocating that pyridines hydrogen bond to carboxylic acids and phenols.
Steiner conducted a Cambridge Structural Database (CSD) study that signified the carboxylic
acid pyridine bond in particular is favoured-fiddd compared to the carboxylic acid dimEP
Experimental data suggest that agigridine synthon is preferred to the phenpyridine

synthon when both are present.
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Figure4-3 - Carboxylic acid; pyridine synthon

4.2 CSD analysis of supramolecular synttararchyin NA and INA
cocrystals

The Cambridge Structural Databa@@SD' is a repository of smatholecule organic and
metalorganic structures, with over 1 million chemical structutelsing CSD version
2020.2.0, we conducted searches using ConQuest 2020.2.0 and analysed intermolecular
interactions with Mercury 2020.2.0. Our search criteria were refined to focus on relevant
structures: organic compounds without errors, excluding polymand metallic structures.

We defined norbonded contacts as inteland intramolecular interactions separated by 4

999 bonds, with EH--! | y3f Sa& x wMH nc shoytdr th&hzhy sum O@ito-RA & G |y (
van der Waals radii. Donor atoms were limitedrtitrogen and oxygen, while all atom types
were accepted as acceptorét the time of searching, there wera 170 nicotinamide co
crystals andca. 230 isonicotinamide corystals and in the CSD. Some molecules formed
cocrystals with NA, but not INA and vice versa, whilst some formed with both NA and INA. In
these reported cocrystals, the seven most frequently observed cocrystal synthons are
carboxylicacid ¢ amide heterosynthonamide ¢ amide dimer,alcohol¢ amide heterosynthon,
phenol ¢ amide heterosynthoncarboxylic acid; pyridine heterosynthonphenol ¢ pyridine
heterosynthon andphenol ¢ amide heterosynthon (Figure 4-5). Understanding the
prevalence(Figure4-4) and nature of these synthons provides crucial insights into the
molecular recognition processes governing cocrystal formation with NA and INA. This

information guides our experimental design and aids in predicting potential new cocrystal
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systems, forming the foundation for our subsequent investigations into cocrystal screening

and characterization.
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Figure4-4 - Graph showingrevalenceof synthon occurrence as a percentage, where 100%

means this synthon is present in all cocrystals
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Figure4-5 - a) Amide- carboxylicacid heterosynthon, b) Amide Amide homodimer, c)
Amidec Alcohol heterosynthon, d) Carboxylic agi@yridine heterosynthon , e) Phenpl
Pyridine heterosynthorf) Phenolkg Amide heterosynthon.
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4.2.1Carboxylic acidamide

This supramolecular synthon is frequently observed in crystal engineering dueti@igth,
reliability and predictability The highly directional M- --G=C and &H-- O=Cbondsmake this
synthon robusf?!! Interestinglyfrom our results this dimer was only seen in 13% of INA
cocrystals, and 18% of NA cocrystals. T@0OH preferred to donate the proton to the N
pyridine in lieu of the CONHs the Npyridine is the better acceptor. We know this because
2T 90 (,3Nttdg donbi @Befer strong acceptors. We observed that the araitd
synthon was present mainly in cocrystals of both INA and NA, that had more than one donor
group present. These extra donor groups included functional groups on coformermaryter
crystals and cocrystals containing watkr these cocrystaldhe Npyridine group is occupied
with a different hydrogen bondonor, hence the amide group is available to bond with the

acid.

4.2.2 Amide- amide

Interestingly, this synthonwas observed in 68% of INA cocrystals, yet only 38% of NA
cocrystals. The amidamide dimer primarily arises due to the absence of other strong
donor/acceptor groups. When another strong hydrogen bond donor is present, this synthon
is rarely present'® 173 |n cocrystal engineering, heteromeric interactions are typically
preferred over homomeric intermolecular bonds. This synthon was observed mostly between
molecules of INA/NA hydrogen bonding with another molecule of INA/NA respectively. We

also noticed ande-amide dimers combining to form tetramers, as seefrigure4-6.
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Figure4-6. Amide-amide dimer and catemer observed in cocrystals of INA and NA

4.2.3Alcoholc amide
The alcohol amide hydrogen bond was the least frequent synthon in cocrystals of INA and

NA in the CSD. Thsspramolecular synthon was seen in only 2% of all INA cocrystals and 5%
of all NA cocrystals. This comes as no surprise, even though alcohols possess the ability to act
as hydrogen bond donors and acceptors, the presence of aliphatic chains decrease their
potency compared to aromatic amides, phenols, and carboxylic &did=r this reason,
aliphatic alcohols are rarely seen in cocrystals. Interestingly, in the few cocrystal structures
that did possess aliphatic alcohols, in INA, only 34%3) exhibited the alcoheamide
heterosynthon, the rest were either involved in intramolecular hydrogen bonding or bonded

to the N-pyridine. However, this was 53%/17) in NA, suggesting that this synthon is
preferred in NAcompared tdNA. It is important to note these lists are not mutually exclusive,

as the same coformers had not béen tried with both INA and NA. These lists also included
afewtent N2 ONR &Gl fasx odzi GKS LINBaASyOS 2F (KSa&aS
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4.2.4Carboxylic acid pyridine

Similar to the findings reported b&akeroy and cavorkers!®the carboxylic acid pyridine

and amide¢ amide synthons were the most common synthons in this study. Here we have
the strongest donor and acceptor bond pair, making it the most favourable syrithibnis
synthon was seen in 70% of cocrystals of INA, but only 48% of cocrystals of nicotinamide. It
was interesting to note this significant difference is explained by the fact that there are more
phenol groups in the reported cocrystals of NA. Further ysialof the hydrogen bonding
competition in cocrystals containing this synthon, reveals that in INA, when there was a
carboxylic acid group present in the coformer, this synthon forine@b% ofsuch examples

In the 5% that did not contain this synthohwias observed that the Jgyridine had accepted

a hydrogen fromSQNH, -OH or-CONH, whilst the-COOH mostly formed:®8) dimers with
-COOH orCONH groups. Shattock conducted a CSD analysis study on the hierarchy of
supramolecular heterosynthons, concluding that from their data set, the COplyridine
supramolecular synthon formed in 98% of structures that contained carboxylic acid and
pyridine maeties capable of intermolecular bondifdtf Analysis of hydrogen bonding
competition in NA showed that this synthon was observed in 81% of cocrystalsGa@H
present. The remaining 19% can be rationalised; with the majority containing carboxylic acid
¢ amide dimers. In these, the-pyridine accepted from phendDH instead, there was also

one cocrystahydrate present. We observed that the-pyridine groupin nicotinamide did

not participate in hydrogen bonding in the cocrystal of N&2l4-dichlorophenyl)methyt1H-
indazole3-carboxylic acid (DA%! ¢ 0 X O2y iUN}Y RAOUAY3I 90GGSNDa NIz
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Figure4-7. Hydrogen bonding in cocrystal of({2,4-dichlorophenyl)methyt1Hindazole3-
carboxylic acid and nicotinamid2AQZUT.

4.2.5Phenolg pyridine
This supramolecular synthon contains the combination of the best hydrogen acceptor, N

pyridine and the seconflest hydrogen bond donor in this datasetenol. We observed a
similar prevalence of this hydrogen bonding interaction in (N&%9 and NA(18%). Literature

cites that the carboxylic acidpyridine synthon is a stronger bond, with larger interaction
energies (kjmot) andshorterh k b X h k b R A. 85V gbeedrad that)indcocrystals of

INA and NA that contained a phenol group, this synthon formed in 69% and 60% respectively.
It is important to note that this bond predominantly formed in structures ttat not have a
carboxylic acid group present. If the coformer had both a COOH andQHPthe acid;

pyridinesynthon was preferred.

4.2.6Phenol¢ amide carbayl

I O0O2NRAY3I G2 90GSNNa GKANR NMHz S GKS &AGNRY:=
strongest hydrogen bond acceptors to form cocrysfal$’®In our study dataset, the second

strongest hydrogen bond donor is the phenol OH, after the carboxylic acid OH. The second

strongest hydrogen bond acceptor is the amide group, after thgyhdine.l’® This synthon
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has a similar prevalence in INA and NA cocrystals, with the interaction observed in 8% and
11% of all cocrystalsespectively. When phenol and amide functional groups were present,
this synthon was found in 35% of INA cocrystals and 36% of NA cocrystals. Further analysis
showed that this synthoronly formed if the Npyridine of INA or NA was already engaged in

a hydrogen bond, further confirming Etters rule.

Table4-1. Competition for HB donors between synthons, where 100% means that when

this HB D/A pair is present it will always form, 0% means when this HB D/A is present, it will

never form
l . R2Yy 2N 1 OOS LJG 2 NJ Lb! b !
/ I NbD 2 E &thAhd ™ h byl M a3 0 JE’:
btJe NA RAY S o p:_2 y M3
L f ALK st | f  h bl 0 M ? p 02
t KSwi2f ™ h bl 0 piiz op 3
btJe NA RAY S cC C JE:
t h byl n ciz p diz

4.2.7 Summary of findings
Nicotinamide andsonicotinamide are common cocrystal coformers reported in the CSD.
Through detailed analysis of the hydrogen bonding in cocrystals of these amides using

Conquest and Mercury, a statistical hierarchy of supramolecular synthons has been

established. Wehav@ SSy o0t S (G2 O2yFTANY 90GGSNXNa NHzZ S A

factor is the strengths of the donor and the acceptor in predicting which bonds are most likely
to form. The strongest donor is most likely to bond with the strongssteptor. In the
occasion that the strongest donor/acceptor is occupied, the second strongest donor/acceptor

is likely to bond etc. Despite some interesting observations, we conclude that our sample size
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was too small to confirm or deny any definitive rules for prediction of hydrogen bonding in
cocrystals of INA and NA. Our database initially consisted of approximately 400 cocrystals of
INA and NA. However, many of thefamaners had only been screened for cocrystallisation

with only INA or NA.

4.3 Machine learning towards the prediction of NA and INA cocrystals

Traditional experimental screening methods for cocrystals, whether -stdi¢ (such as
mechanochemical grinding) or solutidmased (such as solvent evaporation), are inherently
time-consuming, resourcatensive, and lowthroughput. For example, as detad later in

this thesis, preparing and producing a single LAG cocrystal screen typically requires 45
minutes, with subsequent characterisation taking from several hours to multiple days
depending on the chosen analytical techniques. This combinatorial ebuid further
compounded when multiple stoichiometries and solvent systems are considered, resulting in
significant bottlenecks for pharmaceutical development where both cost and time are critical.
Recent studies have demonstrated that machine learning) @dbachieve>90%accuracyin
predicting cocrystal formation, enabling rapid virtual screening aaducing the need for

traditional trial and error technique¥®: 176

This study evaluates four ML algorith8%M, logistic regression, NaBayes, and gradient
boosted treesusing a dataset d?24 cocrystal§rom the CSD, focusing on nicotinamide (NA)
and isonicotinamide (INA) systems. The choice of algorithms reflects their complementary

strengths under data constraints
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Logistic Regression

Logistic regression is a binomial classification system that accounts for numerous descriptors,
SIFOK gA0K RAFFSNAY3I WgSAITKGIaQr 3IABAY3I | FA
probability of an event occurring® It is based on the logistftinction below. Wherex is the
probability,the outcome is 1 for a given set of inputsxB is the intercept.

B> Xnare the coefficients for each input variablgx e is the base of the natural logarithm.

1 Equation4-1
1 + e—(ﬂ0+/)‘ix,-+...+ﬂnxn)

X =

Logistic regression provides a transparent approach, estimating the probability that a given
pair of molecules will form a cocrystal. It is computationally efficient and less prone to
overfitting when regularization is applied, making it a good baselinglehdor smaller
datasets. Logistic regression also allows for direct assessment of the influence of individual
molecular features, which can yield mechanistic insights into the factors most associated with
cocrystal formation. In recent cocrystal predictistudies, logistic regression has been used

to benchmark the performance of more complex algorithms and to identify key molecular

descriptors 8°
Support Vector Machines (SVM)

SVMs are particularly advantageous for cocrystal prediction tasks because they excel at
classifying data with many features, even when the number of samples is relatively small, as
is often the case in pharmaceutical datasets. By employing kernel funciionathematical

tool that measures the similarity between twaata points in a transformed feature space,
such as the radial basis function (RBF), SVMs can model compiebnear relationships
between molecular descriptors and cocrystal formation outcomes. This makes them well
suited for capturing subtle effects of hydrogen bonding, molecular shape, and polarity, which
are critical for predicting whether two compounds will form a cocrystal. SVMs have

demonstrated high accuracy in cocrystal screening applications, as reporigfickgr et al.,
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who achieved strong predictive performance using SVMs trained on Cambridge Structural

Database®
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Figure4-8 Schematic showing Support Vector Machine schematic
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assumed to be independent of each other. This algorithm seems relativelyesinguiever it

is capable of handling multiple classes and has been shown to be computationally efficient

177
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L 0D ' Equationd-2

P{A} = Probability of A occurring (outcomes)

P{B} = Probability of B occurring (descriptors)

P{A|B} = Probability of A(outcomes) given B (descriptors)
P{B|A} = Probability of B given A

0 6. 6 = Probability of both A and B occurring
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Gradient Boosted Trees (XGBopst

XGBoost is an advanced machine learning algorithm that builds a series of decision trees,
where each new tree focuses on correcting the errors made by the previous ones. This
sequential approach enables the model to capture complex;lm@ar relationshig between
molecular descriptors, which is particularly important for predicting cocrystal formation
where interactions between features can be subtle. XGBoost stands out for its ability to
automatically identify and prioritize the most informative featurassich as functional group
counts or hydrogen bond donors and acceptors, while also incorporating regularization
techniques to prevent overfitting. Its scalability and efficiency make it suitable for handling
larger datasets and higthroughput screening.Recent studies in pharmaceutical and
materials science have shown that XGBoost and relatedliessed models often outperform
simpler algorithms in cocrystal prediction tasks, due to their robustness and ability to model

intricate feature interactionst8 178

In this study, we filteed our database originallyderived from statistical analysi® only

include coformers that have a record of forming cocrystals with both INA and NA. Using
Python 3 in Jupyter notebooks, we extract the SMILES strings of coformers in the CSD that
meet this criterion (Appendix 3.1). Tightening our coformer standardk allow us to
elucidate the molecular characteristics crucial for successful cocrystal formation with NA and
INA, informing future screening attempts. All collected data formed part of our internal
cocrystal database, lch will be used to train our ML algorithm discussed below. At the time

of searching, there were a total of 224 cocrystals which were noted in our internal database
for machine learning model training. We used Knime analytics platf@tmcreate, train and

run our machine learning algorithms. Appendix 3.2 shows a selection of these coformers with

their SMILEStrings and chemical names.

4.3.1Preprocessingf data for machine learning
In materials science, machine learning processes typically follow a consistent workflow. Raw

data undergoes preprocessing to rectify invalid data points and is converted into a format

readable by the model or program. This crucial step prevents errorsput idata from
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misleading the algorithm and producing false positives or negatives. The data format is

refined, extraneous information is eliminated, and relevant features are extraéfed.
For this study, the preprocessing involved:

1. Importing molZSDFHfiles of cocrystal coformers diNA into our workflow. These files
contain atomic coordinateand connectivity information useful for calculatingpond
lengths and angles.

2. Converting the imported files to KNIME CDBK(Chemistry Development Kit)
molecules. CDK is an opsaurce Java library for cheminformatics, providing tools for
handling chemical structures.

3. Removing empty rows from the dataset to ensure data integrity and eliminate
potential errors caused by missing information.

4. Appending canonical SMILESstrings to the resulting tableCanonicalSMILES
(Simplified Molecular Input Line Entry System) provide a standardized text
representation of chemical structures, ensuring a unique representation for each
molecule.

5. Using theMol2/SDF filesto create RDKI#? molecules. RDkit was chosen as the
cheminformatics toolkit due to its ability to generate 2D and 3D molecular descriptors
for machine learning.

6. Generating molecular descriptors using RDkit. These descriptors encode structural
and physicochemical properties of molecules, including topological indices, molecular
fingerprints, and quantum chemical properti€Scheme showing p¥processing can

be seen in Appendix 3.

The legitimacy and applicability of the model hinges greatly on the descrifffofslist of
descriptors; including number of hydrogen bond donors and acceptors used for model
training can be found in Appendix 3.4. Each molecule was analysed using knime 3D viewer as
a final check. This process was independently repeated for NA costyssililting in total of

224 (136 formed with INA, 88 formed with NApcrystals as input data. A column was
appended for 1= cocrystal with Isonicotinamide and O=cocrystal with nicotinamide). Whilst
this number is smaller than the total number of INA@R3and NA (170) reported cocrystals,

it represented our interests better.
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4.3.2 Selection, training and comparison of machine learning algorithms

The selection of a suitable machine learning algorithm is another vital step in the machine
learning pathway. This involves choosing between supervised, -agpervised and
unsupervised learning. The model is selected based on the nature of the problenstdved,
for example, classification, regression or clustering. We trialled logistic regression, Naive

Bayes classifiers, support vector machines (SVM) and extreme gradient boosted trees (XGB).

For all algorithms, we partitioned 90% for training, with the remaining 10% used for testing.
Training data was drawn randomly, using a random seed. Default parameters were used for

each algorithm.

Feature selection algorithms that identify and prioritize the most relevant descriptors have
proven valuable in machine learning tasks. These methods reduce dimensionality by

excluding irrelevant or redundant features while retaining those with high ptiedipower.®

However, we did not utilise these, rather weompared prediction accuracy when all RDkit
molecular descriptors are used.aPand when only integer descriptors such as such as
number ofbonds, molecular weight, number of donors/acceptors,DA summary is shown

in Appendix 3.4.

Our analysis revealed varying effects when reducing the number of descriptors in our machine
learning models The Support Vector Machine and XGBoost algorithms experienced a
decrease in overall accuracy. In contrast, Logistic Regression showed a notable 25%
improvement in accuracy, while Naive Bayes demonstrated a 15% incAgasag all tested
algorithms, SVM consistently exhibited the best predictive ability for cocrystal classification
problems, aligning with previous findings in the literatd?e'®3 However, it is crucial to
interpret these results cautiously. Despite the improvements observed in some models, the
Cohen's kappa statistic, which measures intger agreement, indicated either no
agreement or only slight agreement across all mod€lss proves that the overall accuracy

of all algorithmsemainspoor, andany apparentorrelations may be spuriotfs.
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Table4-2. Accuracyivs Accuraynum of each model based on their confusion matrices ,

overall accuracy, and Cohens Kappa.
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The variation in model performance observed with the reduction in number of descriptors
can be attributed to the correlation between model complexity and overfitting tendences.
SVM and XGB are complex algorithms, capable of capintimgate patterns in chemical data
sets® A reduction in accuracy with fewer descriptors suggests that reducing the number of
descriptors results in a loss of potentially useful information. These models are capable of
utilising complex relationships between a large number of features to makaratec
predictions. On the other hand, too many descriptors may lead to the model overfitting the
noise in the data, hence a balance between retaining enough useful descriptors and avoiding

irrelevant ones is crucial and thus the appeal of feature selectigarithms!84

In contrast, Naive Bayes and logistic regression are simpler models with a lower tendency to
overfit. Reducing the feature set can mitigate the risk of overfitting for these models, enabling
them to focus on the most relevant patterns, benefitting for there streamlined feature

A significant limitation of this machine learning study was the lack of negative atatailed
cocrystallisation experimengsfrom literature and experimentally The input data only
contained positive information on successfully formed cocrystals, wmttoduces an
inherent bias in the training datasét Consequently, having two sets of "positive" inputs
cocrystals formed with INA and those formed with Ndoes not provide sufficient contrast

for training an accurate predictive algorithmAnother limitation was the relatively small

69



sample size used in this study. In contrast, Wiakeal. conducted a more comprehensive
study, training their model with 657 cocrystal data inputs that included both successful and
unsuccessful attempts. This largéalanced dataset likely contributed to a more accurate
predictive modelP. To inform future studies, it would be beneficial to activefjenerate
negative data from failed cocrystallisation experimen@®ur analysis of the Cambridge
Structural Database (CSD) revealed intriguing patterns in the stoichiometric ratios of
cocrystals formed with isonicotinamide (INA) and nicotinamide (NA). This observation
prompted us to conduct a comprehensive screening ahdracterization of cocrystal
combinations in various stoichiometries (1:1, 1:2, 2:1), with the aim of developing a robust

databasecontainingboth successful and failed cocrystallisation attempts
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Chapter 51 Studying stoichiometry in cocrystals

From our database of cocrystals, we selected 5 coformers for our stoichiometry screening.
These coformers are known to form at least a 1:1 cocrystal with both INA and NA and were
easily accessible. We also selected one common drug molecule sulfasalaimeashnot

been reported to form cocrystals with INA and NA, but has the supramolecular synthons ideal

for cocrystallisation, and therefore should form a cocrystal.

O
Os__OH O ’
OH
HO
OH OCH3;
OH
3-HBA 2-HBA Vanillin
(VAN)
O
HO OH ~ N o0
OH H P NS N,S\O\
HO H _N
HO ) O N
OCHg HO OH
Vanillic Vitamin C HO™ "0
acid (VA) (Vit C) Sulfasalazine
(SS2)

Figureb-1 Sixcoformers of interest. diydroxybenzoic acid,-Bydroxybenzoic acidjanillin,
vanillic acidyitamin Cand sulfasalazine

5.1 Solid State

Liquid assisted grinding

Cocrystal screening was performed by ligassisted grinding (LAG) using a Retsch Ball Mill
MM400 model. For 1:1 and 2:1 grinding experiments, 12291of INA and NA was added to
the stoichiometric amount of the coformer as seen in Appendix table 3.5, antid&@thanol

into 10ml jars, and ground at 3@z for 30minutes. The products were analysed and
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characterised by IR, TGA, DSC, PXRD and where relevanstaelitNMR. Full table of

coformer masses can be found in appendix.

Screening results and analysis

As mentioned above, each product was initially analyssidgPXRD. This was to compare

the powder patterns with those of the individual coformers, and with any other known
cocrystal structure. If these were visually confirmed as different to previously reported
patterns, then thermal analysis was conducted. Ssiede NMR spectra were measured for
products that were clearly different in PXRD and DSC, for cocrystals which did not have solid
state NMR spectra reported, and for any product that proved anduguby other
characterisation techniques. A summary of screening results can be found in Table 5. 32
cocrystal screening attempts were madea LAG, of which twelve produced cocrystals
reported in literature. Nine screening experiments produced new solid forms. It is interesting
G2 y20Sz GKFG | ff GKS WTIFAfSRQ O20NEBadlff€
stoichiometric ratio cocrystalof example, a screening attempt for a 1:2 cocrystal actually
resulted in a 1:1 cocrystal and excess of the ptoeckiometric coformer. No combination
resulted in two pure starting materials post grindiggonfirming the supramolecular synthon
theory that specific intermolecular interactions guide cocrystal formatf§nhe fact that
excess coformer remained pure while the 1:1 cocrystal formed suggests a hierarchy of
interactions, with the cocrystal synthons being more favourable than those in the pure

coformer crystaf# 187189

Table5-1 Cocrystal screening results showpm@ducts formed from LAG.

Coformer INA/NA Stoichiometry New LAG Previously
product red Result
formed reporte esu
Vitamin C Nicotinamide 1.1 Yes Yes Cocrystal
Vitamin C Nicotinamide 1:2 No No 1:1 cocrystal +
excess NA
Vitamin C Nicotinamide 2:1 Yes No NEWSOLID
FORM
Vitamin C Isonicotinamide 11 Yes Yes Cocrystal
Vitamin C Isonicotinamide 1:2 Yes Yes Cocrystal
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Vitamin C
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Vanillin

Vanillin

Vanillin

Vanillin

Vanillin

Vanillic Acid
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Nicotinamide
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No
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No

No
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No

No
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1:1 + excess
Vit C

Cocrystal

1:1cocrystal +
excess NA

1:1 cocrystal +
excess vanillin

Cocrystal

1:1 cocrystal +
excess INA

1:1 cocrystal +
Excess VAN

1:2 (0.5:1)
cocrystal and
excess
Vanillic acid

1:2 cocrystal
form?190

1:2 cocrystal +
excess Vanillic
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Cocrystal

NEW SOLID
FORM
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Vanillic acid

Cocrystal

NEW SOLID
FORM

Cocrystal
Cocrystal

1:1 + excess
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3-HBA

3-HBA

3-HBA

3-HBA
3-HBA

3-HBA

Isonicotinamide

Isonicotinamide

Isonicotinamide

Nicotinamide

Nicotinamide

Nicotinamide

Sulfasalazine Isonicotinamide
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1:1

1:2
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1:1

1:2

2:1

1:1

1:1
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No
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Yes
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No
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+ excess INA

1:1 cocrystal
+ excess
3HBA

Cocrystal

NEW SOLID
FORM

1:1 cocrystal +
excess 3HBA

NEW SOLID
FORM

NEW SOLID
FORM
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5.1.1 Vitamin @Nicotinamide

Vitamin C, also known asalscorbic acid, is one of four possible stereocisomers of ascorbic
acid. It is a common cocrystal coformer and has mpahgrmaceutical applications in
neurology, endocrinology, digestion, absorption and immunolgyitamin C has the ability

to act as a hydrogen bond donor through its aroma@di and aliphatic alcohol groups and
acceptor and through its oxygen atoms. Vitamin C and nicotinamide have been reported to
form cocrystals in 1:1 and 1:3 ratié®¥ 1°3The 1:1 cocrystal has 2 known polymorphs, CSD
REFCODE OXOHEQ and OXOHgZQBa&th polymorphs have 2 molecules each in the
asymmetric unit, as seen iRigure5-2. The network forms through an aromai@H---N
pyridine bonds between vitamin C and NA. The amide group bonds to 2 different NA
molecules via a C=0---NH bond, and to another vitamin ¢ molecule by the aromatic OH---O=C
bond. The 1:3 cocrystal however, formgsomplex network of stacks of Vit C and NA, bonded
by a OH---fyridine. NA molecules are joined together by aNA homodimer. The unit cell

contains the coformers in 2:6 ratio. Shockingly, two out of the six NAN)idine groups do

not participate in hydrogen bonding.
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Figure5-2 ¢ Hydrogen bonding patterns ima. Vit G:NA unit cell, b. Vit €NA

intermolecular interactions, c. Vitt@®lAsunit cell, d.Vit G:NAsintermolecular interactions.
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Characterisation of thg | D LINWtR:d¢@4ireveéals a melting point different to starting
materials, and the 1:1 cocrystal. Pure nicotinamide has a melting pog# 428 C, vitamin

C decomposes between 190 and 182nd the 1:1 cocrystal melts at 145.6. However, the
product with 2:1 ratio has a melting point ata. 140C. Interestingly, we see a small
endothermic peak in this product &g 145 C overlapping with the 1:1 corystal peak. This
confirms a small amount of 1:1 -@oystal is present, but also suggests that the product

contains anther compound, different to the 1:1 cocrystal.
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2 (140.2°C)
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Figure5-3 - DSGhermogramsof Vitamin C, NA, 1:1 and suspected 2:1 cocrystal
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Figure5-4 ¢ 'H-13C CP/MAS NMR spectra of Vitamin C, NA, 1:1 (OXOHEQ) and suspected 2:1

cocrystal.

13CCPMAS NMRspectroscopy reveals distinct differences in chemical shift positbtise
2:1LAG productthe 1:1 cocrystal and the starting materials. In the region betwedthahd
160 ppm, in the spectrum othe 1:1 cocrystal, webserve2 peaksHowever, in the 2:1L.AG
product, there are 4 peakpresent with only one peak traceable to its position in the Vit C
spectra.ln the 2:1 cocrystal, waote manychanges in peak positions compared to 1:1 and
starting materials (highlighted iRigure5-4). In the 166120ppm rangenew peals arise at
134and 142ppnppm. The peaks at the aliphatic region between 55 an@@% also shift
considerahy}, and combine, suggesting a different packing arrangement compared to pure

Vit C and the 1:1 cocrystal.

The powder Xay diffraction (PXRD) analysis yielded intriguing results that provide further
insights into the structure of our cocrystal products. We were able to confirm that the 1:1
polymorph produced from our liquidssisted grinding (LAG) attempt dentical to the
previously reported structure with the Cambridge Structural Database reference code
OXOHE&? Unfortunately, due to technical issues, our Rigaku smartldb PXRD
diffractometer was out of service, rendering us unable to obtain f@golution data for the
2:1 LAG product that would be directly comparable to the 1:1 cocrystal pattern. Instead, we

had to rely on a benchtop Rigaku diffractometer, which, whilectional, offers significantly
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lower resolution. This limitation somewhat hampers our ability to make precise comparisons

between the 1:1 and 2:1 product by PXRD.

Despite the lower resolution, the PXRD pattern of the 2:1 LAG product still provides valuable
information. We observed that some peaks in the 2:1 pattern overlap with those of the 1:1
cocrystal, suggesting similarities in certain aspects of their crystaitates. However, the
appearance of new, distinct peaks in the 2:1 pattern indicates the presence of a novel crystal
structure, different from both the 1:1 cocrystal and the starting materials. These PXRD
findings, although limited by the resolution cdrents, corroborate our other analytical
results, particularly the DSC and seadtdte NMR data. They support the conclusion that the
2:1 LAG product represents a new cocrystal form, distinct from the known 1:1 cocrystal, while
potentially sharing some gictural features. Further highesolution PXRD analysis, once

equipment is available, would be beneficial to fully characterize this new cocrystal form.

— VC,NA,

— VC,NA,

Rt

5 10 15 20 25 30
20

Figure5-5 PXRD patterns of YBIA (Rigaku Smartlab SE) andiNX2y (Rigaku benchtop
diffractometer). Key differences highlighted in red. Differing instrument resolutions limit

direct peak comparisons.
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5.1.2 Vanillic Acigtlsonicotinamide

Vanillic acid is the oxidized form of vanillin and has sinfitaperties and applications in
various industrial sectors as mentioned above. Natural VA can be found in foods such as
guava, rice, oranges as well as drinks such as scotch and Canadian whisky. VA has been shown
to possess cardioprotective properties, antidant ability and to prevent apoptost®>19/ This
dihydroxybenzoic acid is an intermediate in the formation of vanillin from ferulic acid. It is of
relevant in supramolecular engineering due to its possession of phe@sliand a carboxylic

acid, both HBA and HBD and an ether functional group wdanhaccept hydrogen bonds. VA

has been reported to form cocrystals with amides such as ethenzaffide
pyrazinecarboxamidé® nicotinamidé®® and isonicotinamide. Interestingly, VA molecules
adopt an 2 (8) acidacid homosynthon formatioA”®© However, in some cocrystals with
amides such as ethenzamide, the aaidide synthon is formed, and with others such as

pyrazinecarboxamide, the acatid homosynthon is maintained.

VA:INA has been reportet?®as forming a cocrystal from a mixture of chloroform and diethyl
ether. Noaet al. also report a PXRD pattern from their attempt to form a 1:2 cocrystal by LAG.

They report this as a failed attempt and describe the result as a physical mixture.

On comparison, the PXRD patterns frblmaet al W F | AAGStRe@pt andhe LAG attempt
presented in this worklisplay the same peaks, however our higher resolution PO&RBrn,

in addition to thermal analysj33C CP/MAS sheds more light on this situation.

DSC analysis ofio VA:INA LAG product produced a single peak, at 136,Xlightlylower
than the1:2cocrystal produced from solutiomt 142.4C. However, a single peak is observed

until decomposition begins, therefore we cassumethat the product is a single phase.
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Figure5-6 - PXRD patterof VA:INA obtained byLAG(orange) compared with cocrystal

obtainedfrom solution CSIQ Noaet al*.

Interestingly,when we performed LAG with a ratio ¥#:INA, we observe meltingt the

same temperature of 13& without subsequentecomposition This is because when these
coformers undergo LAG in a 1:1 ratio, the 1:2 (0.5:1) LAG product is observed with an excess
of Vanillic Acid. Webservethis clearly from DSC, as no excess INA is observed*@nd

CP/MAS, where VA peaks are seen in addition to the new 1:2 form.

As mentioned above, Na& al. suggest that this LAG product is a physical mixture. However,
on comparing PXRD patterns, we see that there is minimal overlap. For example, peaks at
9.34, 10.2, 21.92g from vanillic acid, and peaks at 17.86, 19.38 and 32@ from
isonicotinamide are not present. We see new, distinct peaks at 11.2, 12.1, 16.4 an@§4.6

which rather suggest that it is a different solid form.
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Figure5-7 ¢ a) DSC plot of VA, INA, 1:1 LAG product and 1:2 LAG pr&&XRD pattern of
VA, INA and 1.2
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H-13C CP/MASIMR corroborates the findings fromMSC and PXRD. We see ctdanges in

chemical shifts, and the rise of new peaks. The VA carboxylic peak atppn3.ghifts to

169.4ppm in the LAG product, with the amide from INA shifting from 172 Brtbppm. We

alsosee changes in peak positions in the aromatic region between 140 andpb@0INA

aromatic carbon shifts froml53 to 148.9pm. The methyl carbon shifts from 57.1 to

56.3ppm. Comparing théH-13C CP/MAMNMR spectraof the 1:1 and 1:2 produstclearly

corroborate the findings fronthe DSC, the formation of'\@.5:1 cocrystdbwith the excess of

vanillic acid, can be seen from the direct overlap and missing pea®s. 2 6 &8 SNIIS & K| NI

Fd MTOo®T LI YR MMMLILIY FNRBY LWz2NBE +! > Ay GKS

- 1:2 LAG product
- Isonicotinamide
*
*
| | L4 1 . | | . 1 s | | . | | L | ] L | | .
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13C Chemical shift / ppm

Figure5-8 a) *H-13C CP/MAS 1:2 LAG product compared to pure VANWAd
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b) - 1:2 LAG product
- Isonicotinamide
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Figure5-9 ¢ b) *H-3C CP/MAS:2 LAG product compared to pure VA and INA, zoomed in on
the aldehyde region. c)H-13C CP/MASomparing 1:2 LAG product, 1:1 LAG product and
Vanillic Acid
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5.1.3 Vanillic AcidNicotinamide
In the reported VANA: cocrystal, we see this,R8) acidacid homosynthon, with the VA and

NA molecules interactingia only a Npyridine ¢ Phenol-OH bond. The amide group bonds

with neighbouring amide moleculesaa C=G--NH: to form a chain.

Figure5-10. Hydrogen bonding pattern in VANA

Thermal analysis of théAi:NA LAGproduct shows a distinct, sharp peak at 12£8which
RATFSNE FTNRY (KS wmYm O2OM&aidid sinfllpeakrd®@8.4CA y I L2 .
suggesting a small impurity of NA present, however the size of it suggests that the amount is

minute, compared to the large peak representing a new material.
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Figure5-11. DSGhermogramsof VA, NAVA:NA and VA:NA.
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Figure5-12. PXRD pattern of VANA, compared tathose of VA:NA andpure NA

PXRD pattern shows differences in peak positions with a large peak a7 @nfirming a
different solid form. ComparingH-13CP/MAS NMR spectrave can clearly see changes in
peak positions suggesting a different packing arrangement of the coformers. The peak at
169.4ppm, which represents the NA amide group, shifts downfield in the 1:1 cocrystal to
170.3ppm, whilst in the 1:2 LAG product it shifts upfield to 1686n. There is a new peak
present at 155.9pm, which is not seen in either starting material or 1:1 cocrystal. The value
of chemical shift suggests that this pealisas as a result of an interaction between the
pyridineN and the phenol group. Single peaks observed in the 1:1 cocrystal at 139.2 and
132.3ppm, are seen as double peaks at 139.3, 19pm and at 129.6 and 128.3%m
respectively, implying the presenad 2 different nicotinamide molecules. A further shift in
the peak representing the vanillic acid methyl carbon group, is obserViean 57.0ppm in
pure VA, to 55.9ppm in 1:1 cocrystal and 55.0ppm in the 1:2 LAG product.
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Figure5-13. 1H-13C CP/MASIMRspectra, comparing peaks of pure VA, NA, 1:1 cocrystal

and 1:2 LAG product

5.1.4 Sulfasalazindsonicotinamide

Sulfasalazine (SSZ) is a drug that has 2 main, licensed indications irfthered¢ment of

YAfRZ Y2RSNI UGS IyYyR aS@OSNB dz OSNI A @GS
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maintenance of mild, moderate and severe ulcerative colitis and treatment of active
rheumatoid arthritis byexperts advice. SSZ is a prodrug edniinosalicylic acid and
sulphapyridine, linked by an azo bond-NRNwQU (G KIF G Aa aStSOGA@St e
intestines. 5aminosalyciclic acid is the active moiety for UC treatmé&®£° however the
mechanism of action of sulfasalazine in rheumatoid arthritis is not fully undergtSod
Sulfasalazine has a very low bioavailability following oral administration, approximately 10
3096 hence cocrystallisation would be beneficial, and due to the supramolecular synthons

SSZ possess, it, should be possible from a crystal engineering point of view. SSZ is capable of
accepting and donating hydrogen bonds, due to the possession a carbocigighenol
sulphonamide and pyridine group. The sulphonamide group is known to exist as 2 tautomers;

the amide (Figur&-14) and the imide (Figurg-15) tautomer.2%’

Figure5-14. Sulphonamide amide form (left) ardystal packing structur@ight). CSD
refcode: QIZJOY

The amide tautomer (triclinic desmotro&j assembles with a carboxylic aggridine
synthon, with the phenol group forming an intramolecular bond with the carboxyl C=0 group.
The C=0 group also forms intermolecular hydrogen bonds with the sulphonaiiidgoup,
making a E&(8) motif. The packing structure is extended by sulphonamide S=0O forming an
intermolecular hydrogen bond with a neighbouring proton from a different sulfasalazine

Y2f SOdz SQa adzZ LIK2y |l YARS®
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Figure5-15. Imide tautomer (left) and crystal packing structyreght). CSD refcod&KIJBOX

The imidetautomer (monoclinic desmotropé® exhibits a completely different packing
arrangement;, with two SSZ molecules bonded together via a sulphonamidé X-pyridine

bond, graph set £(8), with the S=Q@tabilised witha @ Xh 02y R ZMI ThiksmalS i w
change of the position of the double bond between amide and imide, massively affects the
crystal packing nature of SSZ. We attempted cocrystallisation using the monoclinic imide
form. Huanget al. reported that their attempt to cocrystallise S9RIA was unsuccessfaf®

Herein we present our cocrystallisation attempt and characterisation. High resolution PXRD
results show a new pattern, with clear, new peaks at 6.6, 8.1, 12.6, 13.1, 13.3, 14.3, 16.2, 20.3,
25.2- 2q.

SSZ.:INA, LAG
SSZ

Isonicotinamide

o .
| MJL.M .

20

Figure5-16. - PXRD pattersiof SSZ, INA and 1:1 LAG product
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Figure5-17. DSGhermogramsshowing melting pints of SSZ, INA and 1:1 LAG product

Thermal analysis shows a singledothermic peak at 208.T, in between the melting points
of the pure coformers, suggesting a new single phase solid form is préseiC CP/MAS
solidstate NMR spectra show changes in chemical shifts, confirming that the 1:1 LAG product

is not a physical mixture of starting components.

- 1:1 LAG product
- Isonicotinamide

180 170 160 150 140 130 120 110
13C Chemical shift / ppm
Figure5-18. 1H-13C CP/MASIMRspectia of SSZ, INA and 1:2 LAG product
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5.1.5 SulfasalazineNicotinamide
Similarly to SSZ:INA, a 1:2 cocrystaduwfasalazine and nicotinamide has been repoft¥d

formed from melt crystallisation and was shown to possess improved dissolution

characteristics. However, its crystal structure is not available in the CSD.

DSC analysis by Elbakeghal. showed a broad peak at 192for the proposed 1:2 cocrystal.

For our 1:1 cocrystal, we observed a sharp, narrow, endothermic peak at C9dugjgesting

a more crystalline product is produced by LAG, compared to melt crystallisation. We note

several differences in PXRD date of 198¥1, compared to the reported patteri® We

observe unique peaks at 7.2, 10.6, 11.9, 17.2, 18.2 an@@7Peaks representing the pure

SSZ and NA are absent from the product, confirming it is not just a pure mixture.

Heat Flow (Normalised) (W/g)

Exo Up

—_——

Nicotinamide
(128.5°C)

|
100 150 200
Temperature (°C)

Figure5-19. ¢ DSGhermogramsof SSZNA; and pure coformers

|
250
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Figure5-20. PXRD pattemsifor SSZNA and pure coformers

We report the'H-13C CP/MAS NMR spectrum for our 9$& cocrystal. We observe peaks in

the 165 to 175ppnregion, which correspond to theCOOH andCONHgroups from both
coformers. Shifts are observed in the 1680 ppm region, which correspond to the carbons
connected to the Npyridine regions in SSZ amNA. We also see substantial changes in
chemical shifts in the aromatic regions, suggesting that this LAG product contains new

hydrogen bonds.

S§SZ

NA

180 160 140 120 100
13C Chemical shift / ppm

Figure5-21. 'H-13C CP/MASIMR spectraf SSZ, NA and S$¥.
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3-Hydroxybenzoic acichicotinamide an®-hydroxybenzoic acidsonicotinamide

3-hydroxybenzoic acid is an isomer of common pharmaceutielayd2oxybenzoic acid,e.,
salicylic acid differing in only the position of the phenol group. Both 2HBA and 3HBA are

discussed extensively thapter®6.

5.1.6 Discussiomndconclusios

The coformers selected for this study exhibit a propensity for multiple ratio cocrystallisation,
primarily due to their diverse functional groups. A critical consideration in the selection
process was the presence and distribution of multiple hydrogen kaobr and acceptor

sites within these molecules. The selection was strategically guided by their hydrogen bonding
capabilities, with particular emphasis on the carboxylic acid (COOH) and pHeHhipldonor
groups. TheCOOH group, present in four out a% selected coformers, has been identified

as the most effective hydrogen bomihnor'> and is prevalent in cocrystals, as confirmed by
our CSD analysis. The pairing of COOH witNtpgridine group, recognized as the strongest

hydrogen bond acceptor, was anticipated to facilitate robust intermolecular interactions.

While thisprinciple generally holds true, our research exposes nuances that deviate from this
expectation, highlighting the necessity of screening cocrystals across various stoichiometric
ratios. A notable example is the vitamini@cotinamide cocrystal, which exhibits a complex
arrangement of stacks and homodimers. Surprisingly, some pyridine groups in this structure
do not participate in hydrogen bonding, despite tRegpyridine typically being considered the
strongest acceptor. This observation challenges conweaat understanding of cocrystal
formation principles and suggests that factors beyond simple hydrogen bonding play a crucial

role in determining cocrystal stability.

The vanillic acid isonicotinamide system presents a compelling case study in cocrystal
stoichiometry, challenging previous assumptions about cocrystal formation. Contrary to
earlier report$° which were unable to successfully formn1:2 cocrystal via liquidssisted

grinding (LAG), our comprehensive analysis employing differential scanning calorimetry,
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powder Xray diffraction, and solidtate nuclear magnetic resonance spectrosceppngly
demonstrates the formation of a distinct 1:2 cocrystal. This finding undersctires
superiority of solid stattNMR® and the importanceof using multiple analytical techniques

for accurate characterizatiofmhs systemalsoillustrates that while 1:1 stoichiometry is the
most prevalent cocrystal ratio in the Cambridge Structural Database (CSD), alternative ratios
may exhibit greater stability and preferential formation under certain conditions. In this case,
the VA:INA cocrystal emerges as the stable form, contradicting the general trend observed
in the CSD.

Previous studies reported unsuccessful attempts to form an SSZ:INA 1:1 cocrystabuwvhile
comprehensive analysis provides compelling evidence for the formation of a novel soljd form
once again showing how a combination of DSC, PXRBddidgtate NMR offers a robust,
three-fold characterization strategy that caaveal subtle structural changes and confirm the
formation of new cocrystal formsOur attempts to obtain single crystals of the newly
discovered cocrystal formgrovedultimately unsuccessful, primarily due to time constraints
inherent in the slow evaporation method, which can require days to weeks for crystal growth.
A recurring challenge was the formation of unintended crystal forms. For instance, efforts to
grow a 12 vanillic acid: nicotinamide cocrystal resulted in the formation of 1:1 single crystal
instead This phenomenon can békely attributed to the complex interplay between
thermodynamic and kinetic factors during the crystallization progé€s3he desired 1:2
stoichiometric ratiodid not represent the most thermodynamically stable form under the
experimental conditios, despite exaggerating the ratio to as high as hstehd, the 1:1 ratio

could exhibit greater stability, leading to its preferential formation.

Thermodynamically stable forms tend to predominate as they minimize the system's free
energy. However, kinetic factors, including nucleation rates and crystal growth dynamics, also
play a crucial role in determining which form crystallizes first. If tAefdrm nucleates more
rapidly or exhibits faster growth kinetics compared to the 1:2 form, itis likely to dominate the

crystallization process.
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5.2 Solution state investigation of cocrystal aggregation dynamics

5.2.1 Introduction
One of the primary advantages of solutistate NMR spectroscopy is its capacity to

characterise the aggregation of biomolecules and small molecules alike. PHeloNNIR is a
powerful analytical technique that provides insight into the molecular dynamics and
interactions of small molecules in solution. Cocrystals are typically formed through non
covalent interactions, such as hydrogen bonding, van der Waals faenep;p stacking, and

the aggregation of cocrystals in solution is a complex process imf&eeby various factors
such aghe nature of the coformers, their relative concentrations, the solvent environment
temperature andthe presence of additives. The concentration of coformers is particularly

crucial, as it can dictate the extent of interaction and aggregation in solétfon

The presence of specific functional groups can enhance hydrogen bonding interactions,
leading to increased stability of the aggregated forfi¥sThe ability of NMR tdlluminate
important facets ofmolecular interactions is demonstrated studies such as Carnest al.

on anthraquinone disphonic acid(AQDS) where concentratiordependent dimerization

was assessetl* Here,'H NMRis usedto monitor changes in the chemical shifts of AQDS
protons as the concentration increases. The observed shifts indicate that protons in the AQDS
molecule experience different electronic environments due to intermolecular interactions,
particularly dimerizabn. This shift is a direct consequence of the formation of dimeric
species, which alters the local magnetic environment around the profbne.authors also

note that specific peaksorresponding to protons in the AQDS structure baedoroadened

or shifted, which is indicative of the formation of aggregates. This phenomenon is consistent
with the hypothesis that increased concentration leads to enhanced intermolecular
interactions The observed upfield shifts in NMR peaks with increasing concentration
indicated enhanced shielding effects, which are indicative of molecular aggregation. This
finding aligns with the general principle that molecular interactions in solution can lead to
significant changes in the NMR spectral charactesstitius providing a means to infer

aggregatior?t®

Using NMR to study cocrystals allows for the observation of molecular interactions and the

identification of aggregation behaviogt Guo et al. reveakd distinct solution proton
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chemical shifts idlufenamic acid anahicotinamide cocrystals;ompared to their individual
states. These shifts indicate changes in the electronic environment of the protons due to
intermolecular interactions. The authotsghlight that these interactions can significantly
influence the stability and solubility of the cocrystdls.this chapter, we will investigate
range of 1D and 2Bolution state NMRnethodologyfor assessing the effect of concentration,

pH and stoichiometry on intermolecular interactiobgtween hydroxybenzoic acids and
cyclic amides and the conditions under which these interactions areufadoWe analyse

and interpret NMR spectra to identify chemical shifts, peak broadening, and diffusion
coefficierts, whichsheds light orthe molecular interactions and aggregation dynamics in
solution?'” The significance of this research extends beyond understanding cocrystal
behaviour;by understanding the factors that influence aggregation and solubility in cocrystal
systems, we can develop more effective drug formulations that leverage the advantages of

cocrystallisatior?® 219

Table5-2 'H Titration regime for 34BA, 2HBA, NA and INA

conentration concentration

ratio (M) (M)
0.11 0.025 0.25
0.21 0.05 0.25
0.41 0.1 0.25
0.6:1 0.15 0.25
0.81 0.2 0.25

1:1 0.25 0.25
1.21 0.3 0.25
1.41 0.35 0.25
1.61 0.4 0.25
1.81 0.45 0.25

2:1 0.5 0.25
2.21 0.55 0.25
2.41 0.6 0.25
2.61 0.65 0.25
2.81 0.7 0.25

31 0.75 0.25
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5.2.2H analysis of pure coformers

H analysiand assignmentf pure coformers$-HBA, 2HBA, INA and NA have previously been
reported in literature??*222We recorded théH NMR spectra of eaatoformer,starting with

a concentrated 0.5 Mcoformer in ethanol solution, followed by successive dilutions to
achieve a final concentration of 0.06. Ethanol was selectefbr consistency, as it was the
solventusedwhen screening cocrystals bguid-assisted grinding (LAG)he primary purpose

of these dilutions is twofold: to determine the effect concentration of pure coformer has on
chemical shift, and to establish reference spectra for comparison with coformer
combinations. Our analysis revealed several noteworthy observations. Interestingly, while
both 2HBA and 3HBA possess a phenol functional group, tAeirspectra do not exhibit
signals corresponding to the phenol@H protons. This phenomenon is most likely attributed

to rapid proton exchange. Ethanol, being a protic, polar solvent facilititegxchange
between the phenolic hydroxy group and solvent molecules, resulting in broad and
sometimes imperceivable signalShe presence of hydroxyl groups in etioh promotes
strong hydrogen bonding interactions, which expedite this proton exchange process. While
temperature can influence phenolic OH signal resolution, it is not a relevant factor in this

particular case?*

Secondly, we note that the carboxylic acid proton fddBA appears as a sharp, narrow peak
at 10.2ppm, whilst 2HBA appears as a broad peak at I&in. This difference can be
attributed to the structural differences of the coformers and their intermoilec
interactions. The spatial arrangement 6HBA makes intramolecular bondfdgbetween the
hydroxyl and carbonyl possible, as seerFigure5-22. 3HBA in contrast, has its hydroxyl
group at the meta position, preventing the formation of an intramolecular hydrogen bond.
The presence of intramolecular hydrogen bonding iHEA significantly affects itéel NMR
spectrum. The intramolecular hydrogen bond HHBA results in rapid proton exchange of
the carboxylic acid group, leading to considerable peak broadeégtr@onsequently, the
COOH signalppears diminished at low concentratia$e hydrogen bonding also alters the
chemical shift of the COOH proton ifHBA hence the difference in peak position further

downfield.
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Figure5-22 ¢ (above) Intermolecular bonding in-BIBA. REFCODE: SALIB«€loW)
Intermolecular bonding in-BIBA. REFCODE: BIDLOP02

From our serial dilutions, as concentration increases, we observe that in Bd®A3and 2

HBA, alfH NMR peaks exhibit a consistent upfield shift. This is likely due to the shielding
influence of hydrogen bonding and other intermolecular forces sugh@stacking, van der
Waals interactions and dipol@ipole interactionsThe observed upfield shifif peak positions

is in agreement with established NMR spectroscopy concepts, where an increase in hydrogen
bonding usually leads to a more shielded protarvieonment byincreasinghe surrounding
electron density??’ As the acid concentration increases, the probability of hydrogen bonds
forming with either the solvent or other acid molecules also increases, creating a more

shielded environment for aromatic and hydroxyl protongod increasing the concentration
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of cyclic amides, we noticed a deviation in this trend: although most resonances exhibited an
upfield shift, one particular amide protomNH6 in NA and NH in INAshowed a downfield

shift. This anomaly suggests that this proton is involved in a different type of molecular
interaction, possibly due to unique intramolecular or solvent interactions that distinguish its
behaviour from the other proton®istinguishable amide protons suggest they are in different
planes. We also note that the peak correspomglito the ethanol-OH group consistently
broadens, reduces in intensity and shifts downfield as concentration of acid/amide increases

suggesting intermolecular interactions with the solute.

The downfield shift of the amide proton (N&lin NA and NH in INA) can be attributed to
the potential formation of intramolecular hydrogen bonds within the cyclic amide
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Figure5-23-1H NMR speca of pure coformers dissolved in ethanol. AHBA, B) 3BA, C)
NA, D) INA
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Figure5-24 ¢ (above)*H NMR spectra of INA at concentrations 0.05 tol@,5below)

changes inNA'H chemical shifs vsconcentrationof both NH protons

As the concentration increases, the amide proton may engage more strongly in
intramolecular hydrogen bonding with the carbonyl oxygen of the same molecule, as
suggested by Ettef This interaction results in a deshielding effect, shifting the amide proton

downfield compared to the other protons in the system.
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Leskowitzet al.?%° studied the dynamic behaviour of amide protons in INA, highlighting the
critical role of conformational flexibility around the amide bond@he amide protons can
adopt multiple conformations due to the rotational freedom associated with tige€{O)

bond. This rotational flexibility is crucials it allows the molecule to explore different spatial
arrangements. The presence of hydrogen bonding interactions plays a pivotal role in
stabilizing certain conformations of the amide protons. Hydrogen bonds dharemce the
energy landscape of the molecule, favouring specific orientations that minimize steric
hindrance and maximize favourable interactions. &xample in isonicotinamide, the amide
protons can exist in either synor anti orientation relative to the carbonyl oxygen. Thigt

anti relationship leads to the formation of different rotational isomg@fseach with distinct
NMR signatures. Theyn conformation typically places the amide proton closer to the
electronwithdrawing carbonyl group, which can enhance hydrogen bonding interactions,
while the anticonformation may allow for a more sterically favourable arrangeniétithe
dynamic nature of these protons is reflected in the NMR spectra, where changes in chemical
shifts can indicate the presence of differexformers.In our case, it seems that by increasing
concentration of INA in ethanol, we observe more of tyn conformation due to the
downfield shifts suggesting intramolecular hydrogen ba#tisThis is later confirmed by

variable temperature experiments.

N~ ||'| N~ H N H H
- | N - | N | \/
\H \H NN N
O @) 0
Ground state Transition state 1syn) Transition state 2gnti)

Figure5-25 - Rotational pathways for pyridine carboxamides: Isonicotinangtewn) and
Nicotinamide (MNopyridine position changes) for the ground state, transition state 1 and

transition state 2230
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Leskowitzt al.>*°also discushow temperature and solvent effects can further influence the
conformational preferences of the amide protons. For example, increasing temperature may
enhance the rotational freedom around the amide bond, allowing for a greater population of
the anticoformer, while specific solvents can stabilize certain conformations through
solvation effects. This interplay between temperature, solvent, and hydrogen bonding
interactions underscores the complexity of conformational dynamics in acudéainng
compounds.In our case, temperature and solvent remain constant, with the only variable
being concentration of the cormer. As mentioned earlier, in the NA titration spectra,-BIH

also exhibits chemical shifts contrary to the rest of the molecule.
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Figure5-26 - 'H NMR of NAn ethanol0.05M to 0.5M

However, at some concentrations there is overlap between peaks, rendering the peak centre
unintelligible. The peak corresponding to theH\(6) proton, aB.01ppm is close to the one

of the aromatic protons, € (5). As NH (6) shifts, it overlaps with-B (5) between the
concentrations of 0.2 and OM, and at 0.49M we observe it clearly at 8.Q3pm (Hgure5-5).

Full list of NA titration peak shifts can be seen in appendix tallée2report the COrrelation
SpectroscopY (COSY) spectra for NA and INA, confirming the assignments of INA and NA peaks

in question.
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Guoet al?'® reported 'H NMR analysis dfufenamic acid (FFA) and nicotinamide (NA) at
different concentrations. They noted that when FFA was dissolved in deuterategda® B@@,

1000 and 5000g/mL, higher concentrations resulted in downfield shifts as a result of self
associationvia carboxylic aciehcid hydrogen bonding. CR@ a common choice for NMR
experiments due to its low polarity and ability to dissolve a wide range of organic compounds,
without interfering with the NMR signals. They also note that the FHA oton shifts
upfield, as a result of intercarboxylic acid hydrogen bonding. However as NA amide protons
did not interact with CDgh gradual downfield shift is seen in both protons due to amide
amide bonding?3* whilst aromatic!H peak positions remain constant. This provides an
interesting contrast to the effect oAH NMR spectra observed when NA is dissolved in

ethanol.

Summary of findings
The!H NMR analysis of pumformersin ethanol solution, conducted over a concentration

range of 0.05 to 0.M revealed distinct behaviours for hydroxybenzoic acids and cyclic
amides in ethanol solution. For bothRHBA and ZHBA, phenolieOH protons were not visible

due to proton exchange with the solvent, however the carboxylic acid proton appeared
differently for each acid, reflecting structural differences and intramolecular hydrogen
bonding in 2HBA. As concentration increased, all acid peaks showed a consistent upfield shift
FAGONROGdzI SR G2 SyKFYyOSR Ay (S NMADQ defyaNI | AyyRG SK\
bonding For cyclic amides INA and NA, most resonances exhibited an upfield shift with
increasing concentration. Notably, one specific amide proton-gNi NA and NH in INA)
showed an anomalous downfield shift. This deviation was attributed to the potential
formation of intramolecular hydrogen bonds within the cyclic amide framework, possibly
involving the carbonyl oxygen of the same moleculéhe solvent ethanolOH peak
broadened, reduced in intensity, and shifted downfield as solute concentratioeased,
indicating significant intermolecular interactions between the solvent and solute molecules
These findings demonstrate the sensitivity'ef NMR to concentratiodependent changes

in molecular interactions and conformations for the studied pweaformers in ethanol
solution. These findings serve as crucial references for our subsediteNMR study of
solution-state interactions in cocrystal coformers, providing a foundation for understanding

the behaviour of these molecules in the context of cotal/Brmation and stability
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5.2.3 Concentrationdependent solutiorstate interactions of cocrystal
coformers

Understanding of theolution-state behaviour othe coformerssheds light onthe nature and
strength of intermolecular interactions that drive cocrystal formation. We conducted a series
of 'H NMR experiments using a 1:1 stoichiometric ratio of these coformers at various
concentrations. These experimenenabled us to elucidate the complex interplay of
KERNRISY -02§ &R PHZXY 3 I-covalériR interactoss Nidat \eladcterize this
system.While we observed similar patterns for each acid/amide boration studied, the 3
hydroxybenzoic acid and isonicotinamide system exhibited the lowest level of peak overlap
in the NMR spectraTherefore, we will use thi3-HBAINA system as our model to describe

the observed interactions in detail

3-Hydroxybenzoic Acid¥HBA and Isonicotinamide (INA)1:1

At the lowest concentration studied (0.08), we observe an intriguing pattern of chemical
shifts. The peaks corresponding teFBAexhibit a small upfield shiftf 0.01ppmrelative to
the TSP reference, suggesting theaten atthis low concentration,3-HBAmolecules are
affected by the presence of INA. INA peakiso exhibit subtle but detectable shiftsThe
aromatic protons of INA display a small upfield sbif0.01ppm, which could be attributed
G2 6SIH@Gr Ol Ay 3 Jlotfier BINIndeiws 2nd 8HBGafomdic rings3® The
amide protons of INA display a more complex behavior. e (R) proton shifts 0Dppm
upfield, consistent with the aromatic protons. However, thédN4) proton exhibits &arger
upfield shift of 0.02pm. This differential shift between-N (2) and NH (4) suggests distinct
intermolecular interactions for each amide proton, with-HN(4) potentially involved in

stronger hydrogen bonding interactions

At a concentration of 0.2M, the peaks oB-HBAshow an upfield shift compared to puBe
HBAat 0.05M. However, when comparing puHBAat 0.25M in ethanol with a mixture of
0.25M 3-HBAand 0.25M INA, there is no observabtdhange in peak positions tfe 3-HBA

peaks.Notably,the carboxylic acid peak at 10.ppm experienceseduction in intensity by
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approximately 75%Trhis reduction in peak intensiguggestshat the 3HBA-carboxylic acid

protons are in rapid chemical exchange with the solvent and/or the INA coformer.

The INA peaks at 0.28 show more pronounced upfield shifts, with the aromatic peaks
shifting by 0.0Jppm. The amide protons continue to exhibit differential behavior, wittHN
(2) shifting upfield by 0.0@pm and NH (4) shifting by 0.0@pm. This concentration
dependent increase in chemical shift magnitude suggesengthening of intermolecular

interactions as molecular proximity increases

At the highest concentration studied (OMh), we observe a qualitative change in behavior.
For the first time, we note a small 0.01 ppm downfield shift in tHdBA aromatic proton
chemical shifts, indicative of hydrogen bond formati§hiThe COOH peak at 10.4pm is no
longer observable, suggesting its involvement in rapid exchange processssrong
intermolecular interactionsINA aromatic protons continue their upfield trend, shifting by
0.02ppm. The amide protons exhibit the most dramatiaifts, with NH(2) moving upfield by
0.03ppm and NH(4) showing a pronounced upfield shift of Ogjén.
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Figure5-28 - H solution NMRspectraof 3-HBA, INA an8-HBA:INA at a) 0.05Mandb)
0.5M

The behavior of the ethanol OH peak offers further insights into the hydrogen bonding
network within the system. At higher concentrations, we observe that the eth&Dll peak
shiftsdownfield, becomes broader, and exhibits reduced intensity, indicatingvtdvement

in the hydrogen bonding network.



5.2.3Correlating soliestate and solutiorstate interactions

To fully understand these solutiestate observations, iscrucial to consider the known solid
state interactions in the3-HBAINA cocrystal. Xay crystallography reveals three primary

hydrogen bonding interactions in the solid state seen in table 2.

Table5-3 - 3-HBA:INA (LUNMEM) cocrystal bond lengths

| @RN23ISY 02YyR . 2YR BSy3GK

6 WOl ND 2 Eé f Am@oeINBARR Y/ H dc Hn

6 NiA VATRS NIemeeh | | OAR|H ®dmn
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Figure5-29 - 3-HBA:INA (LUNMEM) supramolecular synthons

These bond lengths indicate a hierarchy of interaction strengths, with the carboxylic acid
pyridine interaction being the strongest, followed by the amaboxylic acid and amide
amide interactions. This hierarchy provides a framework for interpretimgsblutionstate

behavior, although it is important to note that solution interactions are more dynamic and
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may not perfectly mirror the solidtate structure.All these bond lengths, all under/3
indicate strong hydrogen bonding interactions. For context, van der Waals interactions

typically occur at larger distances and are considerably weaker than these hydrogen'¥fonds
Thesolid-state data aligns well with our solutiestate NMR observations:

1. The strong carboxylic acmyridine interaction (2.624 A) correlates with the
disappearance of the COOH peak at high concentrations in our NMR studies,
suggesting strong hydrogen bonding or rapid exchange processes.

2. The hierarchy of interaction strengths is reflected in the differential behaviour of the
amide protons in solution, with #(4) showing larger chemical shift changes
compared to NH(2).

3. The presence of multiple hydrogen bonding interactions in the solid state supports
our observation of complex, concentratiaependent behaviour in solution,

including the involvement of ethanol in the hydrogen bonding network.

Thechanges ithemical shifts in th8-HBA aromatipeaks, coupled with theébroadening and
disappearancein carboxylic acid peakvith increasing concentratignsuggest that the
carboxylic acigpyridine interaction may be the primary driver of association in solution. This
interaction could lead to the formation of transient complexes that are in fast exchange on
the NMR timescale, resulting inonsiderablepeak broadening The differential shifts
observedfor the INA amide protons can be explained by considering their roles in the solid
state hydrogen bonding netork. The NH (4) proton, which shows the largest shift, may be
involved in amidecarboxylic acid interactions, while-iNl (2) may participate primarily in
amideamide interactions.As concentration increases, the likelihood of forming these
hydrogen bonds also increasas more molecules come into proximityontributing to the

observed changes in chemical shifts
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Figure5-30 ¢ Changes ifH peak chemical shifof EtOH at different concentrationsf 3-
HBA and INA.

5.2.4NMR Titrations

NMR titration is an effective method for analysing the effect of concentration on
intermolecular interactions between organic ligands and host moledilesOne of the
primary applications ofH NMR titrations is to study the formation of hegiest complexes.

By systematically varying the concentration of components, while monitoring changes in NMR
peaks, we can derive quantitative information on the strength and effect of interactions
between both species in a nedestructive mannerThe essence of conductingdi NMR
titrations lies in its ability to provide quantitative insights into binding affinities,

stoichiometries, and the nature @holecularinteractions?238

In this work, we conducted a series of NMR titrations to investigate the interactions between

hydroxybenzoic acids {3BA and HBA) and cyclic amides (NA and INA). We prepared
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concentrated solutions of-BIBA and 241BA and combined them with concentrated solutions

of NA and INA, respectively, in sixteen different molar ratios ranging from 0.1:1 to 3:1
(acid:amide) in separate NMR tubes. Stock solutions were prepared and diktecdagly

to achieve the desired concentrations and ratios. Each NMR tube was filled to a total volume

27T pnn>| YR Ay Of dRSR | OFLIAfEFNEB -(dzS
(Trimethylsilyl)propioni€,2,3,3Rn  OAR &2 RAdzY &l f @dse chemical n LILIY 0

shift measurements and consistency across samples.

After combining the solutions in their required stoichiometries, the samples were thoroughly
mixed and allowed to equilibrate for 24 hours. This equilibration period ensures that the
system reaches a steady state before NMR measurements are taken, fiaglitamplete
mixing of components, establishment of equilibrium between different molecular species,
and stabilization of any hydrogdmonded networks or complexes that may farmhhis
experimental setup enables a comprehensive analysis of the concent@ddjpandent
behaviour of the acithmide systemsBy varying the molar ratios over a wide range (from
0.1:1 to 3:1 acid:amide), we can observe the progression of interactions from dilute to
concentrated regimes. The inclusion off&Pinternal referenceenhances the accuracy of
chemical shift measurements, which is crucial for detecting subtle changes in molecular

environments as concentration and stoichiometry vary

2-Hydroxybenzoic Aci@-HBA) andNicotinamide(NA)
We observe similar patterns of chemical shifts across allamide combinations studied.

For the following subsections, | will focus on thédBA / NA system as a representative
example. This particular combination was chosen due to its clear and distviR spectra,

with minimal peak overlap, which allows for more straightforward interpretation of the
observed chemical shifts. Additionally, theHBA / NA system exhibits behaviour that is
characteristic of the trends observed in the other combinationaking it an ideal candidate

for detailed analysisWe note that as concentration of acid increases from 0.1:1 to 3:1 ratio,
we observe a total change in chemical shift of Qopén in all peaks, suggesting an increase
in aggregatiorbehaviourdue to hydrogen bonding of components. Interestingly, the NA
amide peak MNH (7), exhibits a larger change in chemical shifts relative to all other chemical

shifts.
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The solidstate crystal structure of the-BIBA:NA cocrystal (1:1 ratio, CSDDOF**reveals

a complex hydrogen bonding netwgrkproviding crucial insights into the molecular
interactions governing cocrystal formation. The primary interaction observed in this structure
involves hydrogen bonding between the carboxylic acid group-dB2 and the pyridine
nitrogen of NA. This interaction is fundamental to the cocrystal's stability and is likely to
persist in solution, albeit with greater dynamic behawidn addition to this interaction, the
crystal structure reveals eomplex network of seondary interactionsNA is known to self
aggregate to form catemers. However, in the 2I#BIA, cocrystal, theamideproton that was
bonded to a neighbouring pyridine, is now bonded to a carboxylic acid functional group. This
is a stronger bond, with a shorter bond distance, hence a different chemical shift in only one

N-H proton.

The NMR titration experiments revealed a consistent upfield shift of Gpd& in all coformer
peaks as the acid concentration increased from 0.1:1 to 3:1 ratios. This systematic change in
chemical shift can be attributed to severnaterrelated factors. Firstly, the increasing acid
concentration likely promotes molecular aggregation through enhanced hydrogen bonding,
leading to changes in the electronic environment of the protons. These aggregation effects
can result in increased sHding, causing the observed upfield shftdSecondly, the addition

of acid alters the overall polarity and hydrogen bonding capacity of the solution environment.
Given that ethanol is a polar, protic solvent, the introduction of increasing amounts of acid
induces changes in the local chemical enwinent, influencing proton shielding and
contributing to the upfield shifts. This effect was corroborated by a control experiment in
which the addition of 106 [ 2 F | / f (i HBAvaridiNANdsuitdd2ndeveR MBrgen
upfield shifts for all protondPerhaps most significantly, the magnitude and systematic nature
of the shifts suggest that pH change is a major contributing factor. Catlialé*! examined

the effect of pH changes on amino acid chemical shifts, noting variations bet®@d¥1 to
+0.19ppm depending on the concentration of the ftering sample. While their study
involved much higher concentration ranges (1 tM&rea), our observed chemical shifts are
comparatively significant, considering that our coformers reach saturation point and

crystallize out of solution at substantially lower concentrations.
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Figure5-31¢ NA (left, CSD:NICOAM) andHBA:NA; (right, CSD:SODDOF) solid state crystal
packing arrangement.

Among the observed chemical shift changes, one specific peak exhibits a more pronounced
variation compared to the others. TheHl\(7) peak demonstrates a shift 1.5 times larger than
the rest of the coformer peaks. This unique behaviour can be attributed to a combination of
factors affecting the amide group's electronic environmemhe introduction of ZHBA
significantly alters the chemical surroundings of the amide protons. It disrupts the existing
amideamide hydrogerbonded networks present in the pure NA solution, leading to
substantial changes in the chemical environment of éhpsotons.The proximity of ZHBA
molecules and the formation of intermolecular complexes further contribute to these
changes. The observed chemical shift variations are a direct result of this disruption and
subsequent reorganization of hydrogen bonding networksalution It is noteworthy that in

our reference samples, increasing the concentration of pure NA in ethanol resulted in
downfield shifts for this same -N proton. Therefore, the observation of an upfield shift
coinciding with the introduction of -HIBA stongly suggests that intermolecular interactions
play a crucial role in this systeM/hile the solidstate structure provides valuable insights
into potential interactions the solutionstate behavior may not perfectlyreplicate the
arrangement seen ithe crystal structureHowever, solutioiNMR datastronglysuggests that
similar interactions occur in solutioalbeit with greaterdynamic and possibly less ordered
arrangementsThis phenomenon has been observed in previous studies of related systems,

where solutionstate interactions are characterized by rapid exchange between different



conformations and hydrogen bonding arrangemeffsThe gradual change ghemical shift
positionwith increasing ZHBA concentration indicates a dynamic equilibrium between free
NA molecules, NAIA catemers, and-BIBA/NA compleas. As the concentration of-BIBA
increases, the equilibrium shifts towards the formation of structures more closely resembling
the solidstate cocrystal arrangement. This behawids consistent with findings from Lamm

et al., who used a combination of NMR titration and diffusion NMR experiments to study the

formation of hostguest complexes and identify intermediatés.
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Figure5-32- 'H NMR titrationspectraof solution of2-HBA:NAwith different ratios from
0.1:1to 3:1 aed:amide

5.2.5Insensitive Nuclei Enhanced by Polarization Transfer (INNEVPR)
spectroscopy

Building upon our understanding of tte®lution-state behaviour of the HBAMmide systens

by H NMR titrations, we can further enhance our insights into the intermolecular interactions
by employing advanced NMR techniques. One such technique that holds particular promise
for this investigation is INEPT (Insensitive Nuclei Enhanced by PolarizatimieT) NMR
spectroscopylNEPT, introduced by Ray Freeman in 1¥7% a signal enhancement method

that allows for the study of insensitive nuclei, such'@$ by transferring polarization from
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more sensitive nuclei likéH. This technique is particularly valuable for probing nitregen
containing functional groups, which play a crucial role in the hydrogen bonding networks of

our cocrystal systems.

INEPT allows for the detection ¥ nuclei with significantly improved sigrtalnoise ratios
compared to direct>N observation. This enhanced sensitivity is particularly valuable for our
systens, where we are interested in the nitrogen atomsogtlic amidesvolved in hydrogen
bonding. The technique provides a means to observe these nitrogen atoms more clearly,
potentially revealing subtle changes in their chemical environment as they interact with
hydroxybenzoic acids, and to monitor the extent ofesle interactions with changing
concentration Marion et al.?**demonstrated that®N chemical shifts are sensitive to peptide
conformationas a result of hydrogen bonding interactioms our case, this sensitivity could
reveal changes in the environment of NA as it interacts wHHBA for example We
conduced N INEPT NMR experiments on théiBA/NA system at various concentration
ratios; 0.1:1, 1:1, 2:1, 3:1 selected frothl NMR titration experiments. The protantrogen
correlations provided by INEPT will allow us to directly observe changes in the chemical

environment of the amide and pyridine nitrogens separately.
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Figure5-33 - Pulse program folNEPTnsensitive Nuclei Enhanced by Polarization
Transfet>3
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From the pulse prograrfFigure5-33), our main variables to optimize, affect I3 is a delay
that allows for the evolution of-doupling between the X nucleus (typicaft€or in our case,

15N) and the directly bonded protoril). Constant 2 represents thecdupling constant J(XH)
between the X nucleus®\N in our case) and the directly bonded protdil). This value is
crucial for setting the appropriate delays in the INEPT sequence to allow for optimal
polarization transfer. For our-BA/NA system, we estimate (18-1°N) coupling constant for

the amide group in N£o beca. 90 HzThe pyridinenitrogen doesiot have a directly bonded
proton, so we Wl not observe a onédond Jcoupling for this atom. However, we might see
longrange couplings to nearby protons, which are typically much smaligrHz) hence we

set cnst2 as 10 when aiming to observe the pyridine nitrogen.

Constant 11 is usei adjust the delay d3ased on the multiplicity of the-M coupling. For
our amide group, which is an XKystem, we set cnstll t6. This optimizes the INEPT
sequence, ensuring the most efficient polarization transfer for our amide nitrogen our

pyridine, we also set cnstl1 to 6.

cCc ——— Equations-1

We analyse outH-*N INEPT results through the lens of hydrogen bonding, pH changes, and
aggregation. The amide nitrogen, with a peak around 104 ppm, exhibits minimal shift
variation (104.1104.2 ppm) across all acid:amide ratios. This stability suggests that the amide
group is likely engaged intermolecularhydrogen bondingvith other NA moleculeseven at

higheracid concentrations, and demonstrates less sensitivity to pH changes compared to its

pyridine counterpar*®.
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Figure5-34- 1H15N INEPNMRpeaks

The pyridine nitrogen, initially observed at 304.3 ppm, undergoes a significant upfield shift,
reaching 302 ppm as the acid concentration increaddwese>N INEPT results reveal
significant information about the behaviour of the nitrogen environments at varying
acid/amide concentration ratios, and the differential behaviour raises important questions
about the factors influencing chemical shifts in theseragen atoms. The first likely
explanation is related to hydrogen bond strength and protonatibimestability of the amide
nitrogen chemical shift suggests that it is engaged in robust intermolecular hydrogen bonds,
likely with other NA molecules. This stability persists even at higher acid concentrations,
indicating that these hydrogen bonding interamis are strong enough to maintain a

consistent electronic environment around the amide nitrogen.

In contrast, the significant upfield shift observed for the pyridine can be attributed to two
primary factors: protonation of the pyridine nitrogen and hydrogen bond formation.
Protonation and hydrogen bonding exist on a continuum. A strong hydrogen amdhe
viewed as a partial proton transfer, while full protonation represents complete proton
transfer. The observed chemical shifts can reflect various stages along this contisitime

acid concentration rises, more pyridine nitrogens become protonateating to increased



shielding and an upfield shift. This observation aligns with the known behaviour of pyridine in

acidic environments, where protonation significantly affects its electronic structiire.

Explaining the difference in nitrogen chemical shifts of pyridines and amide by their
susceptibility to protonation involves discussing their pKa. Pyridine, being a stronger base has
a pKa of around 5.2 in watét’ The pKa of pyridine in ethanol is less widely known, however
studies in 80% ethanql20% water mixtures show monosubstituted pyridines have a pKa of
around 3.7%“®andin pure ethanolthis would presumably be lower. We therefore expect it

to be more readily protonated compared to the amide group, whickuld a muchhigher

pKa. The higher basicity makes the pyridine nitrogen more sensitive to changes in acid
concentration, resulting in the observed upfield shifhe amide nitrogen, while less prone to

full protonation, can still participate in hydrogen bonding. Its relatively stable chemical shift
suggests it forms consistent, strong hydrogen bonds thatal@hange significantly with acid
concentration Another important factor to consider is the conformational flexibility of the
molecules and steric effectSteric hindance can affect how closely each nitrogen atom
interacts with its hydrogen bonding partnet® The consistent chemical shift of the amide
nitrogen suggests that steric factors may play a role in maintaining stable hydrogen bonding
interactions, possibly by limiting the approach of acid moleclies.the pyridine nitrogen,

the observedchange irpeak positiorcould be influenced by changes in steric interactions as

protonation OocCcurs.
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5.2.6 Nuclear Overhauser EffestMRSpectroscopy

The next NMR technique employed is Nuclear Overhauser Effect (NOE) experiments, which
offers a unique perspective on molecular structure and interactions. Building on knowledge
gained from titrations andNEPTNOE relies on througépace dipolar interactions between
nuclei, providing valuable information about spatial relationships in moleétflé&/eaimed

to observe the spatial proximities between 2HBA and NA molecules at higher concentrations,
shedding light on the hydrogen bonding networks and aggregation behaviour of these
coformers in solutionThe power of NOE lies in its ability to detect interactions between
nuclei that are close in space, typicdigs thans5A25L, theoretically making this useful tool

for our study.

We employed both onelimensional and twalimensional Nuclear Overhauser Effect (NOE)
experiments to probe the spatial relationships betwe2RIBA and NAmolecules. Our
approach involved selecting a variety of resonances for selective irradiation on both
molecules, aiming to observe intermolecular interaction®. maximise the likelihood of
detecting intermolecular NOEs, we prepared highly concentrated solutions, with 2HBA at 2M
and NA at approximately 1M. The rationale was that higher concentrations would increase
the probability of observing intermolecular NQignals. We employed a mixing time of

300ms, as this has been proven effectie other small moleculesystems?% 254n our 1D
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Figure5-35- 1H- 1H NOESY spectrum oHBA and NA



NOE experiments, we applied a selectivespulo NA NH (3) proton. However, in the
corresponding negative NOE phase, we only observed the otherphitbn and ethanol
peaks. We then irradiated the aromatic protons closest to the pyridine ring, but again, we

only detected NOEs to other aromatic protons within the same molecule.

Further attempts to irradiate different parts of the 2HBA molecule yielded similar results, with
only intramolecular NOEs observebh our 2D NOBEY experiments, we only observed
intramolecular transient NOEsintramolecularinteractions betweerdifferent parts of the
same 2HBA molecules anthe sameNA molecules, but not between 2HBA and NAe
absence of observable intermolecular NQiesween the coformersn our experiments was
unexpected and prompted further investigation. Several factors could panexplain this

outcome:

The molecular dynamics and diffusi@maracteristics of the compounds in solution play a
crucial role. While NGEYis typically effective within #, intermolecular NOEs require

molecules to be in close proximity with sufficient interaction time during the mixing period.

The high concentrations used (2MHBA and 1M NAboth in EtOM may have led to
aggregation, potentially hindering the necessary intermolecular interactions. A€tGh
noted, spindiffusion effects can impede the observation of intermolecular NOEs, particularly
in systems prone to aggregatiéf® The choice of a 30s mixing time, while generally
suitable for observing NOEs, may not be optimal for this specific system. Gsattwahd
highlighted that longer mixing times can sometimes lead to signal attenuation due to
diffusion Cbserved intramolecular NOEs suggest that while the molecules interact with
themselves, they may lack the necessary mobility or orientation for effective intermolecular
NOE builelp?®®*. On retrieving the NMR tube from the spectrometer, we observed some
crystallisation as a solid residue had formed. This is expected at such high concentrations. To
help modulate molecular mobility, we decided to réid direct detection experiments at

variable temperatures from 29R in increments of 1, to 328 and back down to 288.
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5.2.7 Variable temperaturéH NMRmeasurements

The observation of crystallization in our highly concentrated solutions (N8R and 1M NA

in EtOH) prompted us to conduct variable temperatuttd NMR experiments. These
experiments yielded particularly insightful results, revealing the dynamic nature of molecular
interactions in our systemWe note many changes in peak position and shape; however, our
attention is drawn particularly to the two 4N protons from nicotinamide. As temperature
changes, we observe that no other peaks shift significantly. Sumhges in chemical shift
position are known to be caused by restricted single bond rotattéithere are significant
changes in splitting patterns, peak symmetry and multiplicity of all peaks as temperature
varies, however chemical shift remains relatively similar throughout. In the case of-the N
protons and the EthaneDH, we see a completelyffiirent phenomenon, strongly indicating
that these protons are involved in hydrogen bonding interactions. Table 4 summarizes the

chemical shifts of the key protons observed.

Table5-4 - Chemical shifts (ppm) of key protons at different temperatures

298 (initial) 8.99 7.86 6.23,6.51

308 8.92 7.86 6.21,6.48

318 8.84 7.85 6.21,6.38, 6.52
328 8.77 7.77 6.12,6.21, 6.42
318 (cooling) 8.86 7.86 6.27,6.52

308 (cooling) 8.93 7.96 6.38,6.62

298 (cooling) 9.00 8.04 6.48,6.70

293 9.04 8.10 6.55, 6.75

288 9.08 8.14 6.59, 6.75

293 (2) 9.04 8.10 ~6.64 (broad)
298 (final) 9.00 8.04 6.48,6.70

121



Initially, at 298K, we observed significant peak broadening, with relative integrations
indicating that NA had crystallized to a greater extent thadEA. Thisuggests that the M

NA solution had reached supersaturation more readily thafB2A, consistent with its lower
return to solution phase. This behaviour aligns with the general principle that solubility

increases with temperature for most organic compousefs

h * ‘ *
298 (final) JL

vl ] Cm—

288K

293K

298K (cooling)--

308K (cooling)
318K (cooling)

'H Chemical shift / ppm

Figure5-36 - Variable temperature'H NMRspectraof 2HBANA in EtOH solution, from 298K
to 328K, back down to 298K

Historically, the temperature dependencies of amide proton chemical shifts have been
observed to be lineaf?’ In our variable temperature (VT) NMR experiments, we observed
that the amide proton peaks returned to their original positions at 298K after the heating and
cooling cycle, despite exhibiting shifts at different temperatures during the cyidles
behaviour is consistent with the established understanding of temperatigggendent
chemical shifts in proteins. The linear relationship between temperature and chemical shift

allows for predictable and reversible changes as the temperature is vaiedreturn é the
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amide proton peaks to their initial positions at 298K suggests that the temperatdreed
changes in the local environment of these protons were fully reversible within the
temperature range explored?® In solution, rapid rotation around bonds typically results in
averaged NMR chemical shifts over all possible conformations. However, when rotation is
restricted, separate signals for differecbformers can be observedrhis is evident from the
chemical shifts observed in the amide protéts Weobservedhat the ethanotOH intensity
reduces in relative intensi@gt lower temperatures, coupled with the fact that ethanol cannot
have evaporated from the sealed NMR tultkis strongly suggestshat ethanol is likely
participating in hydrogen bonding networks wittHBA and NAThese results provide strong
evidence for the formation of temperatursensitive supramolecular structures in solution,
involving all three components:-EABA, NA, and ethanol. The systatearly appears to

undergo significant reorganization with temperature change

5.2.8Summary of findings

From 'H solution stateanalysis, we observed distinct chemical shifts for isomeric pairs
(2HBA/3HBA and NA/INA), providing a robust reference framework. Concentration
dependent studies (0.05, ®2and0.5M) revealed a specific amide proton shifting downfield
while other peaks shifted upfield, indicative of intramolecular hydrogen bonding due to
conformational barriers in carboxamidé¥®: 2>2Upon mixing coformer solutions, we observed
concentrationdependent chemical shift changes, particularly in the amide peaks. At higher
concentrations, a larger relative chemical shift was noted for a specific amide proton in both
NA and INA, now shifting plield. This suggests a transition from intramolecular to
intermolecular interactions. While sohlstate packing data provided context, we
acknowledge the potential discrepancies between set@te and solutiorstate behaviour

NMR titrations across lGfterent stoichiometric ratios (0.1:1 to 3:1) corroborated our initial
observations. The larger shift in one specific proton compared to others, while considering
factors such as pH, aggregation, and dynamic equilibrium, clearly indicates differential
interactions involving this protanlINEPT and variable temperature techniques offer unique
perspectives into the aggregation of these coformers in solution, particularly the difference

behaviour in NA and INA nitrogens.



Chapter 6- Investigating cocrystal transformatioos
PXRD and CLASSIC NMR

6.1 Introduction

Understanding structural dynamics and supramolecular assemblies in cocrystals represents a
central pursuit in crystallography, encouraging the proliferation of screening eflortis
chapter, we explorethe intermolecular interactions within cocrystals formed bguid
assisted grinding ofiydroxybenzoic acids and cyclic amides, focusing-bpdBoxybenzoic

acid @-HBA, 2hydroxybenzoic acid2fHBA, and 2,2dihydroxybenzoic acid (2BHBA),
alongside cyclic amides nicotinamide (NA) and isonicotinaihidi&). Varying stoichiometry

and solvents yielded three novel cocrystads hydrate and a solvat&om our screening
experiments. These forms were characterized using a combination ofssatel techniques
(TGA, DSC, R SpectroscopyPXRDand solid-state NMR. The mechanism of cocrystal
formation by grinding is often thought to be a multistage, stepwise process and can be a result
of various mechanismg&ombining Xay diffraction with Combined Liquid and Seitateln-

situ Crystallization (CLASSIG)RIstudies provided detailed insights into the dynamature

of the formation of cocrystals. Wewere able toobserve and monitor the real time
interconversion o known cocrystals, to 2 novel cocrystal forms, using PXRD-aitdsolid

state NMR techniques.

This chapter comprises two main overarching thentés first isscreening of cocrystals of
hydroxybenzoic acid/cyclic amides in specific stoichiometric ratios, with solvents of varying
polarity. The rationale is that varying solvents can lead to different cocrystal outcomes. This
approach allows us to explore the imgaf solvent polarity on the formation and stability of
cocrystals, providing insights into the role of solvemtdiated interactions in crystal
engineering.Solvent choice is crucial in cgstal screeningas it can significantly influence

the crystallization process and the resulting crystal far@slvent selection can accelerate

reaction kinetics, affecting the outcome of liquid assisted grindg.

Moreover, solvents with varying polarities can lead to the discovery of diffgrelytnorphs,
stoichiometric formsand solvates/hydrate®f cocrystals. For instance, Rodrigiéarnedo

and colleagues investigated the stability ehrhinobenzoic acid/carbamazepine cocrystals
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and found that the relative stability ofocrystals withl:1 and 2:1 stoichiometries was
influenced by the concentration of coformers in solution, which is directly affected by solvent
choice?®®The impact of solvent polarity extends beyond the screening process to the stability
and properties of the resulting cocryst&f By systematically exploring the effect of solvent
polarity on cocrystal formation, this study aims to contribute to the growing body of
knowledge on solventediated cocrystallisation processes. This approach not only enhances
our understanding of the fur@imental principles governing cocrystal formation but also has
practical implications for the design and optimization of pharmaceutical cocrystals with

tailored physicochemical properties.

We alsoinvestigate the effect of stoichiometry on cocrystal formation. The hierarchy of
hydrogen bond donor/acceptor interactions has been studied widely. Carboxylic acids,
phenols, amides and aromatic nitrogens form reliable supramolecular homo/heterosynthons,
and form the building blocks for this studf.43 104 106, 108, 109, 112, 113, 2@y varying
stoichiometric ratio, we change the number of donor/acceptor sites available, with the
intention to affect hydrogen bonding moieties and cocrystal packing arrangements. We
present the results and solistate characterisations of screening prads by a multifaceted
approach,combining various analytical techniques to gain comprehensive insights into their
structure and composition We utilize techniques, including thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), powdeay diffraction (PXRD), and selid
state nuclear magnetic resonance (ssNMR) spectroscopy. Each of these methods provides
unigue and complementary information, allowing for a thorough understanding of the

cocrystal systems under investigation

The second section of this chapter focuses on iechanistic understanding of cocrystal
formation throughin-situ monitoring techniquesGcrystal formation is often considered a
multistage, stepwise process that can result from various pathways. These may include
amorphous intermediates, eutectic formation, or solutiorediated transformationg®3 We

use advanced in sitmonitoring techniques to observe these processes inieat, providing
insights into the complex dynamics of cocrystal formatimrsitu powder Xray diffraction
(PXRD) studies traditionally rely on synchrotron radiation due to its high intensity and time
resolution capabilitieg®* 265In this study, we present an alternative tinnesolved technique

that utilizes a laboratorpased diffractometer. This approach involves preparing multiple
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batches of samples with identical stoichiometric ratios, subjecting them to grinding for
specified time periods, and subsequently analysing them using PXRD to observe the evolution

of Xray diffraction patternswhilst still observing crucial intermediate phases.

We also employ CLASSIC (Combined Lignid SolidState Insitu Crystallization) NMR, a
powerful technique that allows for simultaneous observation of both sstate and solution

state species throughout the crystallization procéSEASSIC NMR leverages the strengths of
NMR spectroscopy to monitor crystallization in réate, enabling us to track the evolution

of molecular interactions and the formation of supramolecular synthons that drive
cocrystallisatiot?* By leveragingalternating pulse sequence®ptimized for detecting
signals from either the solid or liquid phaseje are able to observehe spectra
simultaneousy, providing informationabout both environments. This dual capability is
essential for elucidating the complementary changes occurring in solid and liquid phases as
crystallization proceed¥’ Thistechniqueis particularly valuable because it can detect both
dissolved species and emerging solid phases, offering a comprehensive view of the
crystallization dynamics. Additionally, it provides a unique spectral fingerprint of the product,

facilitating its charaterization

o o O
X NH, ’ X NH, @ OH
F N A OH
N
Nicotinamide Isonicotinamide 2-Hydroxybenzoic acid
O (0]
OH OH
OH
OH OH

3-Hydroxybenzoic acid 2,3-Dihydroxybenzoic acid (2,3-DHBA)

Figure6-1 ¢ Cocrystal coformers analysed in this study.
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Materialsand methods

3-Hydroxybenzoic acid {3BA), zhydroxybenzoic acid (BBA), 2,3lihydroxybenzoic acid
(2,3DHBA), nicotinamide (NA), andsonicotinamide (INA) were obtained from Merck
Pharmaceuticals, UK. All compounds were used as received without further purification.
Solvents used for cocrystal synthesis includesluene, acetone, Jropanol, ethanol,
methanol, ethylene glycol, and water. All solvents wef@nalytical grade and used without

additionalpurification

The experimental procedure began with the preparation of physical mixtures of
hydroxybenzoic acids arttie amides. Appropriate molar ratios of these compounds were
weighed out based on an analysis of hydrogen bond donor/acceptor patterns observed in
existing cocrystals listed in the Cambridge Structural Database (CSD). The ratios of interest
were 1:1, 1:2, 2:1and 1:3 of hydroxybenzoic acid to amide. For instance, a 1:1 ratie of 3
hydroxybenzoic acid {BBA) to nicotinamide (NA) required 1388 of 3HBA and
122.12mg of NAThese physical mixtures were placed in steel grinding vials, to which varying
volumes of solvent (5t0 59 0 6 SNB I RRSR® ¢KS YAEGd2NBaA SN
cycles in a Retsch MM400 ball mill. The grinding frequency was varied between 5 ldad 30
and cycle lengths were adjusted to determine the point at which the physical mixture
converted to a cocrystalAfter each grinding cycle, the resulting solids were transferred to
glass vials for initial characterization using powdeay diffraction (PXRD). Samples showing
interesting patterns were further analysed using thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), and sstate NMR.To ensure reproducibility and
consistency, each combination was performed at least twice, with novel patterns being
repeated a third time. The obtained powder XRD patterns were compared to those of starting
materials and reported cocrystals in the CSD itantification and confirmation of new

cocrystal forms.



6.2 Cocrystal screeningy LAGwith solvents of varying polarity

The use of liquid assisted grinding, previously known as solvent drop grinding as a screening
tool has been widely adopted for cocrystal screening due to its high efficiency and
reproducibility>® 266The addition of a small volume of solvent increases degrees of flexibility
of coformer molecules, which in turn increases the possibility of molecular colli&ibiiss

still unclear why LAG method improves cocrystal formation compared to neat grinding and
solution methods. In this study we discovered that the solvent acts as more than a lubricating,
molecular diffusion proxy. However, on some occasions, it mdsttafhe formation of the
multicomponent solid form. The 7 organic solvents selected were tolug@d)( acetone

(ACBH, propanol PrOH), ethanol EtOH, methanol MeOH), ethylene glycolETG) and water

(HO). A summary of the cocrystal screening effortscdssed in this study are shown in

Tablel.

Thermal analysis of new multicomponent solid forms

Thermal methods were helpful in screening whether a new solid form has been produced
from our LAG screening using DSC. This is due to a difference in melting points of the potential
new cocrystal, the starting hydroxybenzoic acid and amide coformers. B tBermal
profile of a new cocrystal would show new indicative endothermic peaks, whereas a mixture
of pure coformers should produce a thermogram with the peaks corresponding to the melting
points of the starting materials. Therefore, this served as dimpneary confirmation of

potential cocrystal formation, as seen in Fig6r2.
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Figure6-2 - DSC profiles of pure coformers andiBA:NAg cocrystal.

Table6-1 LAG screening experiments conducted in this studgtar denotes cocrystals
reported in CSD
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Of the eighteen LAG screening combinations, we observe that solvent choice did not affect
the result of2-HBA:INA,, 2-HBA:NAg, 2-HBA:NAy, 2-HBA:NAy, 2-HBA:INA, 3-HBA:NA,
3-HBA:INA;, 3-HBA:INA, and 3HBA:INA. Interestingly, literature has shown thé-

HBA:INA; cocrystahas only previously been reported as obtaineaslow evaporation from

acetone?%® whilst 3-HBA:INA. was prepared by slow evaporation from ethan®l.2-
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HBA:NA; co-crystal has been produceda hot stage microscopic screeniff. Of all the 2:1
combinations, onl\2-HBA:INA; forms a pure cocryst&P® This was confirmed by PXRD and

DSC.

2-HBA:NA;, 3-HBA:NA;, 3-HBA:INA, 2-HBA:NA> and 3HBA:INA: all produced their
respective 1:1 cocrystals, with an excess of pure hydroxybenzoic acid or amide. Interestingly,
the increased competition from the extra hydrogen bamohors/acceptors did not change

the preferred intermolecular interactions in these cases. Primary amides typically display two
types of supramolecular homosynthons, namely the dimer and the catemer, when no other
hydrogen bond donor is presedt? However, when there is competition from other robust
hydrogen bond donor/acceptors such carboxylic acids, phenols gndibines, as seen in-2

HBA and 31BA, common supramolecular synthons present are the pyridai@°® amide-
acid*> 271 phenolpyridine?’? A closer look at the reported 1:1 cocrystals 2HBA:NA
2HNA:INA,3-HBA:NAand 3HBA:INAreveals they all exhibit different supramolecular

synthons and hydrogen bonding patterns, as seen in Figiae

Figure6-3 - Amideamide centrosymmetric dimer [left] and catemer [right]
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SODDOF — 2-HBA;:NA;, contains catemer with NA
NH2 donating to both isonicotinamide O and 2-HBA
phenol. N-pyridine accepting OH from COOH.
Intramolecular bonding between C=0 and Phenol OH

7~ O —

XAQQIQ - 3-HBA;:INA; , contains acid-amide

heterodimer. Rare Phenol-pyridine bond. Amide NH
donates to amide C=0.

XAQQEM - 2-HBA;:INA; - contains amide — amide

dimer, COOH - pyridine, intramolecular phenol to c=o,
NH2 amide C=0.

%

LUNMEM - 3-HBA;:INA; — contains amide — amide
dimer, COOH - pyridine, Phenol - CONH2

QAFTID - 2-HBA::INA; - contains amide - acid dimer,
intramolecular phenol to COOH. Amide pyridine
to acid COOH. Amide NH to Acid C=0

Figure6-4 - Supramolecular synthons of selected cocrystals in this study



2-HBA:INA

This coformer combinationyielded three different solid products When the solvent was

ethylene glycol or water, Bew solid forns; Band Cwere observed.

Productc A ¢ Acetone,propan-2-ol, ethanol, methanol and toluene all produced the same

Wy Sg Q & Adertified ifitRINIy its unique PXRD pattern. DSC analysis shows two,
unique endothermic peaks. We determined thhe peakat 132 C corresponds to the 1:1

cocrystal. Interestingly, #hsecond pealat 130 Cdid not correspond to any known material

from our study.'3C CPMAS NMR analysis confirmede presence of a 1:1 component

however we also notice new peaksid multiple peak shift {dzo & S |j Y LDGT K | v I f & &
AYRA O (ISWRA EfiHREBBAINA and 2-HBAINA 6 1 &  LINBBS Sobriystal

combination is discussed depth further on in this chapter.

2-HBA:INA - ratios compared

(—
| /[ to1CsD
(132.7°C)
G2
2 I
= 1to2 EtOH
2
©
E
z
g (130.3°C) (132.5°C)
(™
$ N\ (~ Tto3EtOH
(130.5°C)
Exo Up T T T T T T T 1
100 110 120 130 140

Temperature (°C)

Figure6-5 - DSC plot comparing melting points 6HBA:INA 1:1, 1:2, and 1:3 combination
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ETG(product B)- PXRD pattern confirms a different solid form, showing sharp and narrow

peaks, suggesting high degree of crystallinity. This was confirmed by DSC. We observed
several endothermic peaks, none of which correspond to starting materials or known
cocrystals,suggesting that this was indeed a mixture of different materials. Another
hypothesis is that as heat is applied to the powder, multiple phase transitions occur. It was
Yy20SR 00KIFId 6KSYy G(GKS NYXYaGS 27F KSI édXijffeRentO8BE Yy ISR>
peaks. The presence of ETG peak3® CP/MAS NMR suggests that the solvent has not
evaporated but has rather been incorporated into the solid structure and has formed a

complex mixture of products. We also note distinct differences in peak positions

corresponding to theCOOH, phenol and aratic regions.

(83.3°C)

(117.1°C)

/ (132.1°C)
r

1001

Weight %

954

ExoUp 90 T T T T T T 1
50 100 150 200

Temperature (°C)

Figure6-6 TGA plot of 2HBAL1:INA2 LAG product with Ethylene glycol as the solvent.
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Figure6-7 - PXRD pattern and DSC thermograms-BBA:INA with ETG. Multicomponent
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Figure6-8 DSC thermogram of 2HBMNA LAG product with ethylene glycol at different
heating rates.
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Figure6-9-1H-3C CP/MAS NMR spectra eHBA:INA with ETG, ETG peak seen appin.
Rightg 'H-*C CP/MAS NMR spectra eHBA:INA comparing regions suspected to be

involved in hydrogen bonding.

HO (ProductC)g The PXRD pattern forl2BA:INA prepared with water as the solvent was
similar to that of the material produced with EtOH. However, we note that all peaks are
broader, suggesting that this product was less crystalline. These broader PXRD peaks are all

in the same region as the producbfn LAG withour reference samplegthanol which we



characterised as the same form reported in the A8ferestingly, DSC shows an endothermic

peak atca. 60 C, suggestinglaydrateis present. We also note the peak corresponding to the
1:1 cocrystal at 13C, shows a reduced specific heat capacity, compared to that of 2
HBA:INA prepared withEtOH. TGA shows the weight losga@at70 C, which corresponds to

DSC within acceptable error margin
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Figure6-10- a) PXRD pattern, b) DSC thermogram and c) TGA plotdBAINA produced
by LAG with water.

3-HBA:NA
This cocrystal has been reported, and was obtained by slow evaporation form acetdffitrile.

We also observed this emrystal by LAG, confirmed by PXRD patterns of materials obtained

in the presence of six out of the seven solvents .

Tolene(ProductD) ¢ The only solvent that yielded different PXRD patternFstBA:NA;

was toluene. The PXRD pattern had some overlapping peaks with that reported in the CSD.
However, there were new peaks that did not correspond to the known 1:1 cocrystal or the
starting materials. DSC shows a slightly different endothermic peak; howegestill a single

peak. Suggesting a singdbase component is formedC CP/MAS NMR spectra shows the
emergence of some new peaks, at 175 and gg. Interestingly, there is also a lot of
overlap with the known cocrystal. The combination of these sstga different polymorphic

form, to the one reported in the CSD.



‘Product D’ - 3HBA1:NA1 Toluene

3HBA,:NA, Toluene

3HBA,:NA, CSD

Temperature (°C)

1 1 1 1
) 15 20 25 30 35
20
b) 3HBA,:NA,
Toluene
s |
=
H
T
E
[¢]
Z
3
[T
g
T i
1
\
(124.0°C)
Exo Up T T T T T T T T
40 60 80 100 120

14C



e) SHBA,:NA, 4b
16
ooy 1,
e JR— — 3B~ 7 2b
- , FN | O
L a1 e sl S
& 1 v 2b 3b | 4p} [\5b[ \Bal7al 4a < 1a°0OH
.M M/\E bl IHBA,MA,
P ! PN EA0H ba 7a
T T 1 T T T T T 2a
170 160 150 140 130 120 110 OH
13C Chemical shift / ppm

Figure6-11 Comparison of 3BHBANA O2 ONB a Gl f NBLRNISR AYy [/ {5 @4
with toluene. a) PXRD, b) DSC antf€)MAS NMR

3-HBA:NA

This coformer ratio has not been reported in literature. However, all LAG screening produced
the very similar results, bar tweolvents: ethylene glycol and water. The rest of the solvents
all produced the same product designated @®duct-E DSC analysis of this combination
shows results similar to the above mentioneeHBA:INA, we clearly see 2 endothermic
peaks but no starting material, suggesting the product contains a mixture of 2 different solid
forms and no starting material remains. This cocrystal combination is discussed in depth

further on in this chapter.
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Figure6-12- 3HBA:NA ¢ new solid form compared to starting materials. a) PXRD, b) DSC and
c)13C MAS NMR

ETQProductF)¢ The analysis of product F reveals a complex mixture is préREf.pattern
shows both similarities to the known-BIBA1:NA1 cocrystabwever there are alsnew peals

present for example those seen B and 18 2q, suggesting the presence of a noselvate

DSC reveals two large endothermic peaks: a peak8a C (Figure 6-12b), which has a
corresponding endothermic weight reduction in TGA. This is interesting, because the boiling
point of EtG is around 19Z. However, in order not to destroy DSC plate with burnt
impurities, we did not heat the mixture that high. Teecond large peak at 120,whichmost

likely corresponds to a mixture of 1:1 cocrystal, and some other impurities. Tisried by

the breadth of the peak, compared to the sharp peak obseénndigure 6-13.



From3C CP/MAS NMR spectra, we clearly see a difference in peaks-@@i@H-CONH

region between 165 and 18fpm, the phenol / Noyridine region between 140 and 1ppm,

and the aromatic region between 110 and 1&m. The presence of a sharp peakcat

65 ppm suggests that EtG has formed a solvate with the coformers. We can be confident that
this is not an ethanol solvate, because A€ NMR only had one peak at 65ppm, representing
the one carbon environment in EtG, whereas ethanol would havee2Ct and CH We can

trace all the known 1:1 cocrystal NMR peaks to the new solid form, confirming the DSC and

PXRD results, that it is a mixture of at least 2 solid forms.
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Figure6-13- 3HBA:NA LAG with ethylene glyc&roduct C Qnew solid form compared to
solid form produced in ethanol. a) PXRD patterns, b) DSC thermogram, c) TGA and d) TGA
magnified, e) and f2C CP/MAS spectra recorded at 298 K, recorded on &/400

spectrometer at a MAS rate of 12kHz

H>O (ProductG) ¢ From the PXRD pattern, we see narrow, sharp peaks, suggesting a high
degree of crystallinity. Interestingly, we see stark differences compared to the LAG product

in ethanol. We see new peaks at 7.1, 14, 14.48, 19.9, 20.7, 25.3, an2@6.4

Some peaks present in this PXRD pattern are also noted in that of the known cocrystal,
suggesting a mixture of the reported 1:1 cocrystal and a new polymorphic form. We suspect
that DSC and®C NMR would confirm these results, however due to time constraints and

equipment availability we were unable to collect this data.

3HBA{:NA, - EtOH

3HBA;:NA, - H,0

———————

Figure6-14 - PXRD pattern of 3HBAA LAG product with water, compared to ethanol
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6.2.2 Summary of findings

We present a comprehensive investigation into the use of LAG to screen cocrystals of cyclic
amides and hydroxybenzoic acids, varying stoichiometry and solvent choice. In many cases,
we observehat 2:1 combination often resulted in 1:1 cocrystals with excess starting material
Thischallenges conventional wisdoas it suggestscreased competition from additional
hydrogen bond donors/acceptors did not alter preferred intermolecular interacti@se
possible explanation is thahé 1:1 cocrystal may represt the most thermodynamically
stable configuration for these particular systems. Tle&over excess starting material
suggests that once the 1:1 cocrystal forms, it is energetically unfavourable for additional
molecules to incorporate into the crystal latticBhase diagram studies to reveal stability
regions will likely confirm thig’3 274 However we see later in this chapter that in some cases,

it is the opposite, with 1:1 cocrystal can act as an intermediary and excess coformer being
incorporated into the unit cellThis dynamic behaviour highlights the complexity of cocrystal
formation and suggests that the process may involve multiple stages or intermediate phases.
For instance, in the case ofHBA:INA, we observed the formation of both 1:1 and 1:3
cocrystals, indicating that the system can accommodate different stoichiometries defgen

on the conditions.

These results also reveal how choice of solvent significantly influences cocrystal formation via
[ ! DI R2AYy3 Y2NB GKIy 2a%welseeWéasyihavisyhal aniodn®s ofa 2 f A R
solvent can change the resultant cocrystd#hile a direct correlation between solvent
properties and LAG produchas not been explicity discovered we make some vital
observations. For the 2HBMNA combination, we see three different solid forms produced,
depending on the solvent used. Ngolar to moderately polar solvert® (toluene, acetone,
propan2-ol, ethanol, methanol) produced Productwhich is later determined a& mixture

of 1:1 and 1:3 cocrystal Whilst highly polar solvents such as EtG and water produced a
solvate and a hydrate respectively. We note that EtG formed a solvate with;aNB2and
3HBA:NA, but not with 2HBANA or 3HBA:INA, however the reason why is not clear.
These observations suggest that solvent polarity can influence LAG product formation,

particularly in terms of polymorphism and solvate formation. However, the relationship is not
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straightforward, andmany otherfactors contribute to the observed outcome$his mass
screening project achieved its two primary aims: to gain a library of successful and failed
screens, and to probe the intermolecular interactions governing cocrystal formation. Due to
time constraints and project direction, we were not able t@guce single crystals of these

new solid forms, however this is a promising avenue for future study.
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6.3 Observing cocrystal formatigiatime-resolved PXRD

The mechanism o€ocrystal formation by grinding is often thought to be a multistage,
stepwise process and can be a result of various mechanisms. For neat grinding, molecular
diffusion is mentioned in literature as the likely mechanism when either or both reactants
have casiderably high vapour pressuré$.Contact between these reactants is expected to
initiate cocrystal formation. However, when a solvent is added, it is observed that sometimes
an intermediate phase forms, which is thought to facilitate cocrystal formation. For the
cocrystals mentioned abey we wanted to elucidate if their formation was a multistage
process. The initial LAG studies were carried out using a steel ball mill, and characterisation
of the products was achievedy DSC, PXRD af€ MAS NMR. Starting materials were
weighed out ad placed in ball milling jars, but instead of the standard procedure d¢iZ30
grinding frequency for 3fins, frequency, grinding time and solvent volume were varied as
shown inTable 2. Solvent used was ethanol, as this was seen to produce new multicomponent

pharmaceuticals in the selected cocrystal coformer ratios.

Table6-2 3-HBA:NA Frequencies, solvent volumes and timepoints for time resolved LAG.
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Table6-3 3-HBA:NA Frequenciessolvent volumes and timepoints for time resolved LAG.
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Table6-4 2-HBA:INA Frequencies, solvent volumes and timepoints for time resolved LAG.
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6.3.13-HBA:NA

This cocrystal has been reported in the CSD (XAQEINQE selected this carystal as a test
material for the timeresolved experiments. Interestingly, under the conditions selected, a
1:1 cocrystal forms after one minute of grinding. This was verified by comparing the PXRD
patterns with the reported dat&®® Varying the amount of solvent added to the LAG set up,
showed that grinding with as little asph of ethanol for Imin was sufficient to start cocrystal
formation. Volumes of ethanol of 2@ and above resulted in full conversion to the 1:1
cocrystal inl min (molarratio of ethanol:coformers ratio 1:6). This suggests that the liquid
does indeed act in a facilitating role. Using equatiéfiy WhereV is solvent volume ipL, and

m is combined mass of coformers.

3¢

- — Equation6-1

¢

Total sample mass for each grinding experiment, using equimolar amounts of sample is
260.24mg. With liquid volume of $L makes- = 0.019L/mg. This is considerably lower than

for a typical LAG screening experiment, of 0.28ng.>® Nonetheless, as expected, increasing
the liquid volume, and thus to 0.077nlL/mg, improves cocrystal yield, consistent with the
theory that theliquid acts as a cataly3t’ Knowing that the cocrystal formed after 1 minute

of grinding, we varied the grinding frequen&ill, a 1:1 cocrystal formed after grinding for

1 minute at 5Hz. As a control, a physical mixture of coformers left overnight did not lead to
spontaneous carystallisation. This indicates that a small amount of agitation is required to

from this cocrysth and that the defining factor is the volume of solvent added.

As the conversion to the eorystal occurred quickly, no intermediate was observed. Lower
amounts of solvent result in incomplete conversion, highlighting the role solvent choice and
volume plgs in cocrystal conversion. This also suggests that the use of PXRD at different time

points can show if, and when, intermediate forms.
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Figure6-15PXRD pattern of 3HBAIA. a) at different time points, b) varying frequency, c)
varying ethanol volume.

6.3.2 3HBA:NA

This cocrystal has not been reported previously, but preliminary PXRD patterns arstatalid
NMR suggested that a new multicomponent solid form is produced when these coformers
are ground in this ratio. Following the same time points as imtHBA:NA experimentwe
observe some interesting developments between the products after 1 minute, 10 minutes
and 30minutes of grinding, as demonstrated irg&re 6-16. From DSC,fer 1 minute, we

see 3 mairendothermic peaks, ata. 104, 108 and 117C This suggest that afterrhinute of

LAG, a mixture comprising of at least 3 different componaneéproduced E, F and G\fter

10 mindes, only the latter 2thermal events; F and G amgesentin equal proportions.
However,after 30minutes, pealGis larger than the peak & This suggests that a longer
grinding time yields more of compound This suggests that the product is not phase pure,
but a mixture of 2 formsOur working theory was that the material obtained wittHBA:NA

ratio, comprises of a mixture of 1:1 and 1:3 cocrystals, which is possible with an empirical

ratio of 1:2. To test this, we repeated the grinding experiment with a ratictéB2:NAgratio.
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Figure6-16 - 3HBA:NAp. a) DSC at different time points, b) PXRD showing transformation
from 1:1 cocrystal to new form. ¢) PXRD showing intermediate produces is 1:1 cocrystal and

excess NA. d) DSC showing single peak for phase pure:BHABA

As expected, DSC results for the material with 1:3 ratio of coformers now show a single peak.
This was confirmeldy PXRD patterns. After 1 minute, PXRD pattern shows a 1:1 cocrystal and
excess NA, highlighted Figure6-16. Between 5 minutes and 10 minutes, a transition to a

new form takes place.

13C CP/MAS NMR measurements were carried on the products of thofermer
combinations. Based on current literature available for the starting materials, peak
assignments have been gleaned. Carboxylic acids and primary amides generally appear
between 165 and 17ppm. PhenotOH carbon and the carbons next to thepiridine groy

are observed between 140 and 16Pm. The remainder if the aromatic carbons are found
between 110 and 140ppm. As suspectpdaks observed in the 3HBNA: can be directly
tracedto 3HBA:NA and 3HBANAg Confirming that, when 3HBA and NA are ground in a 1:2
ratio, the product is a mixture, a 1:1 and 1:3. This is empirically possible, as the resulting ratio
is 2:4.
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Figure6-17 H-*C CP/MAS NMR spectra of 3HBIA, 3HBA:NA and 3HBANA;s recorded
at 298K, recorded on a 400Hz spectrometer at 12kHz MAS speed.



6.3.32-HBA:INA

PXRD pattern d-HBA:INAz material at different time points, showed that an intermediate

is formed before a new multicomponent solid form. As shamfig 6-18, after 1-minute new

peaks which do not correspond to the starting mateaied noted. On closer investigation, we
observe that the PXRD pattern of a powder collected after jusirilite of grinding, indicates

the presence of 1:1 corystal and excess isonicotinamide. AhButes, we observe that the

1:1 cocrystal and excess INaks are no longer visible, and a new fingerppattern is
present. This was repeated at 30 second intervals between 1 minute and 5 minutes, and we
observe the transformation takes place between the 1 minute and timeirfute marks, at
30Hz. New peaks, that do not correspond to starting materials.brcocrystal are observed

in the PXRD pattern after grinding for 90 seconds.
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