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Abstract

Successful tabl et maenutf accnt ugd cndy fi Iscovg haareodt blosery e g cet
active pharmaceutical sThgsedaeratg¢A®t hednbdyekhep
mechani cal properliilkes mdstt her gnantiecr i arlysst al |l i ne
ani sotropic, witmhtweaak tv aom sd ef it Wena lyb reil tdti Ingg mreyedt
flow and AdmpachipamRy, pti ent ratio f whitlhietry i anpa&
gual ity of Sthued yfiirmgahmulratdintet sy st ems carm XErH @V e nd h s
i nteracti omandarde coampdli evxg tardtheersg aornt iamlde t cheeh @ s ii anp
compaction can be difficult to determi naglosTehi s i
eXx ci pRemhust. prroedddilocst i fver mul ati on opti mi sation and
Thushe thoeeuttddlissewhi ch enhance t he undteatsltetnalb inlgi t

ultimately optimising the manufacturing process.

This PhD combines computational and experiment a
physicochemical and mechanical proper tmaensniotfolt he
(DM), and their impact on flow and compacti on.

Mol ecul ar modellingtdiuoacesatyl mprophedeogtyew fi tM& a

hydrogen bonding and ittlhse ccamlpu mmarf apreissdndet isc par
homogenous dOK tirntbairtd wtni orfs . Predictions of thei
have stronger cohesivity driven by strong disper

di splaying a betterolbaal anncteerafctdionperr(stibywee 8t db m |

Prediocft itohnei r mechani cal properties rehvoeweelveed bot
DMs e xt ebnosnidv eneht wor k all ows for the occurrence of
The predictions correlated well wiiHR: edtp8i7i mAIOR:

44.55A), Ro PpSHasldcMPg) (0.Ri2gh amas d soevh g tenEs(i 0 .e0 95
On the contrary, DM di splayed good fl ow (HR: 1. 1:

pl astPhy@&3 t%9 (MPa) and high tensil e stbr0g 8dtslman(dl. 07



725 MA to DM were examineds50i nbltemed spame/i da&nmndarh.e
bet ween fl ow, compressibility and tensil& stren
properties increasingly resembled those Xf pure
ray computed t,owmegeaplwde@XCT) ow, consolidation

and particle orientation were examined.

The work presented aids in the devel opment of
enhancing processing efficiency. Two key resear
on APredicting Cohesive amd cAdh esifwea manti erna cotfi oM
andma@adnni tolldonvaensdt iigafElifmumdPdatheéees MPFT epamit ceaci d a

manniugiosrgayX Computed. Tomography
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Chapter One

| ntroducti on

This chapter provides the foundational context f
and objectives and overall thesis structure. Ad

supporting this project.



1 Il ntroducti on

1. Research Background

The pharmaceutical i ndustry,wist ha ah ugee oparetd ogfl otbh
ofappr ox®$lmas etloy 1 2® 2athrdi lilsi opnr 0j .28 dd bhif BBDDeadahle $
industry <consists of several | arge and small (
manufactur e, andt esapiidaut i on vhedousg of human :
advancement of melder hameldi cl heresfdes mhaveabean ngl
di seases are more manageabl e, enhancing our qual
t he heal t hbceairneg aonfd twhed Igl obal popul ati on.

Over 70% of dispensed medicines are in the form
fotmThey have tchoemphliigahnecset apsattiheeny are convenient
and are the <cheapest dosagscdloe mpr ddhegt iaorne, sauni
manufacturing is relatively | ow. Tablets are tfF
greatest dose accuracy.%anhhdey owfefségr ctome eand v avyratr a qaed
and bitter taste through coating techniques. Oth
with sustaasnewelrlel @aasthe ability to formul ate t

phar maceutical ingredient (API).

Even with the great asdviaame eisn deshd vegrieasllit libdyn gsdcsh ewamis ti
tablet mahuthcthbheg continue to seek ways to reso
of drug compounds i mpact the efficiency of vario
drug Pprodmuwedg powder s mu st be able to remain cft
processing. Their processability is impacted by
surfacery,chmomi gshol ogy 8a@ndcrpataltleestdezag compoul
mor phol ogies of highl iaksgp,ecduea attd otsheiorf t@mi sneterdd p
t hat -lniekeedl mor phol ogies dteThepybhematioaghotpr éceé:

pr opecratuiseisng di fficulty in transfer between equi |



have weak mechwhmiichalc @ntorpiebutiest o poor compressi
Drug research aalear gelvye | folpeae shidodr mamce of the fina
effect on the patient. The Biopharmaceutics CIl as
drugs based on their sojawnbdviiiht g sanh d tii¥dtneTghtoiunahnlr t p
this is a -fotembl atepnjnitpries Iimited in that it
Thus, research efforts owyearn ntimg @a dhtdedie cox did ale a \s e
ani sotropy and how physicochemical properties

phar maceutical manufacture and how these process

Tabltle The Four Classes of the Biopharmaceuti cal

Hi gh SoLow Sol
Hi gh Per CLASS | CLASS |

Low PermCLASS | CLASS |

The Materi al Science Jeggadhtead oms (MSfTTPolhaso baiad
research of pharmaceuti cal product s. 't outlines

and perfor mandee tohferder uigss an understanding of how

granul e, tabl et structure and composition) aff
compacti on, el ectrostatic and stickiitngungrfopmenritti
manufacturability and dissolution); the desired
steps such as chemical synthesis, crystallisatic



Figate The Material cience Tetrahedron

Theesire to predict API properties has,whédht o a
have aided in understanding crystal ha%li tThed hc
BCS, MS T, MCS and mol ecul ar model |l ing combined
research and devel opment has made from!'jud@ahety b
old QbT approach was a form of Atrial and error
prodecoeniw assured when testing was completed. T
critical procbsmi hgdpanambt bea@PbbDoaphrobdehcis us
i mproving theffiomeemny a@«fosphar maceuti cal manuf a

production of safe and efficacious medicines.

After crystallisation and filtering of the API,
of manufacture for solid doses are wet granul at
compression is the dletsihraesd trhoeu tfee webs tandunmuid tch cat pueniea |

of raw makengaits oveefaflelc ttihiee HoohsetV eceo,stvery few dr
possess properties suitable for direct compressi
ardei fficult to achieve with direct compression.
becomes compl ex. We t granul ati on, t herefor e, r e

wekhown process buttemahahge ftolme i prsovidpriotioiireg sb uol fk p



properties, foll owed by dry granul ation. For S
consolidation and tabletability properties ar e
formul ati ons. Poor particle @mmuopeearmgt iccosmpaan i baac

common one being sticking.

WET | DIRECT
GRANULATION | l COMPRESSION 1
DRY GRANULATION J
Fi gdRe Unit optehtehtrie@en snafimr phar maceuti cal proces
Sticking is often rPeflerredc urs aaf tpamchucdteckiing
only discovered in the | ate stage of the devel
production efficiency. When identified, product
clamed. Sticking is especially sevér&ofromidaebass s
surfaces maiyvbauot te@addéfoec¢took dull instea®® of t he

Sticking al so aff ectasf fceacntti enngt twvheei ¢fhitn ad n idfoosrangiet yo
consequenags ubt i snmbt ekly cause an increased cost

medicineg® tOumnae ktelty, punch sbyaliendaiss smamwhege &
are specific to Phechpretducki hg-fiagege @atricampl ax umuh

understood on how the physicochemical properties



Fi guaBPhar maceutical powtHueppenmasdfsunacdhher ed t o

Processing issues occuryiinrcdg udo-sigi wauinickduatubhhe o6p
production, dcathoeotuhgbh neddr §obanding of how drug
and in formulation, influence processing at diff

enhance tablet manufacturing, produaeachei.gher qua

1. Research Aims and Objectives

By investigati bgt wden rnd lesdtcadirsmp pdsodildbr operti e
downstream t abtlihest rperscecap scehmibmdntisthyw i st i ¢ under st ar
interplay between the physicochemicadcopwp@ger toine s
aarticulated through the following research ques

How do the surface and bul k properties of API 0&s

composi hilomence the processability of pharmaceut
This will be explored through the following cor e
1 Selection of model compounds with varied sticki

bul k powder properties.
2Use of molecular modelling twodlag et osunvasei gat
properties of selected compounds.

3l dentify what structur aladhmresp emt imes htamats mér i ne



4 Characterise flow and compr es =ixkciilpiiteyntandctda
affect compaction.

Through mol ecul arstmd de lalnidn gs,u rtfhaec es plriodber ti es of

investigated. Their bul k powder behavamdrt wailrl
compactibility will be assessed.
1. $Sel ection of Model System

The compounds selected for gnawndy iM)r. e (Mideffeennaarmicc a
i s a nonsitrefrloandnaat carnyt idr ug (NEBAIMDM,| | Ws @dh dt onotdre e at
as menstrual crrframpssamol mcgltarnesructaocren eotmpd i
by an amine bridge. One benzeneandnghiesobaheachaesc
to two mefThglysgradudpss.ati on of the drgkeompygsndl
causing a series of downstream processing issues
of MA powders is wel;hodevementédréenaltetérat ted

mol enwltaiowesirtrs punch %t4d’cking nature

The formulation of MA tablets requires a high dr
withwpoer solubility but hghhgaetfroogient extcii palenp
in the dissolution of the tablet.

I n a mefenamic acmanniatbd leti dddolfmudnat uenoedi pdsent and
| argest compone?t litn itshel sfear ms| at boahki ng agent,

properties of the formulation as well as increas
compr i sichagr bansibackbone with six hydsolxwhdl egrbowtp
i mpermeabl e to the gastrointestinalsamaenhtesi D& p

behav¥% our



OH OH

Figa#de The mol ecul ar structmameidfolmef enamic a¢

Therefore, investigating these two components i

because:

1.Both compoundstiexhkiybigd @ druaesh
2. They di ffegr aind chegmit atl properties
3. They have shown varied bulk powder propert:i

4 Both materials are of industri al rel evance

1. Project Management

This PhD project is funded through the EPSRC Ce

Products and Processes at the University of Leed

The research has been carried out at the Schoo
supervision of RPbefessose&endar y.superaddoti ®On
supervising tReofwhoKevdprea isdlew rntosl ecul ar model | ir
Further aid and guieda@aarclwafe lp)r eowiradiceds lthianiy e n

YumMaadDr Siti Dd bHah soavneprasiarav p owd er experwansent s .

maagyed t hrough weekly meetings with both supervi s

Af tasuccessful application, beam time was grant ed
Materials PhD student access schemay jQoemp ultefdo
Tomography (XCT) work was carri ede duwmtstiin uccel lagab c

Mos el-reagy Xl maging Facility at the University of M



and experiment al of ficer Daniel Sykes provided

assisted witmhhd ngltdabad!|l aman dyesmsool ale swo,sladstemuwe h mi
samples could not be prepared. XCT access was g¢a
and final samples ceaulmasue poacdremdedy sEmiorbexme

Tristan Lowe.

The initial proj eicpunvgahs cakii megd iant cionl Vv easbtoirmg i on wi
ormi,per f or misntgi cpkuinncgh e x p ertibrheen tpsa.n dlegra icn anddua estr i
visitors for a substanti al amount of t jtrhee, t he
opportunity presented i-weselk fpliac d mmipetu2@28e koinga@an
of my model compounds. This was supervised by

formubatenni st Jenni fer Dol man.

1. FheStsucture

This report consists of six chaptigus.esdmmari sed

Chapté@ehi &8: chapter provides context and backgrour
An i ntrtodhuetriemsmearch badkdrl oumed ibsy prhees eantnesd and
project management .

Chapt®Bhi 2 :oha ptiheee § u nadrayreetndlals ci ence-surad eer pir ommiem d
of orgasas wellstabk the prediction of bquulakl i &rnyd s
drugs.

Chapté@e@hesi:t operations ohvahvadtiawet phbbaimaceaeyi c
fidapgoduaeuit |.Linteedlr ature detailing issues encount
antdhe knowledge gap which the project seeks to f
Chaptdhedmaterials used ameaddeédher meddhoids floirs ce

various experiment al and computational techni que



Chapterhi5: chaptaerdemmpesiennvtesst i gat i esnt adfe tamel malre
properties of the model -mampobtuobds, Bpnefiepramifc mat:
techniques, morphobhaoadymesbanhacal i ptepactien have
Chapt éelfthe@per irmesdlfatlts he two compounds are preser
confirmatgtoamt @efamsdltider mal properties, to flow a
Chaptén ¥¥his c¢hapXtreary, croenspuulttesd ftroanmpege asehtye@dnaRgs
are discussavd tihmee cwlntne cdb teHi mead 6N chapter

Chaptern®ings are concluded, and future work is

10
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Fi gabe Outt haesstirsufct ur e
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CHAPTER TWO

Crystal Science of Phar

Thi s ehkgpptokescore science odovaganficr mrmamn wafl sc tit
bul k and surface i nténaet paoroep edeparnedsinbgh e hi empsoorlti adn

preditchtdismmgqual ity iddnghl pogddedt

12



2 Crystal Science of Pharmaceuti ceé

2. Basic Crystallography

The three maingasteast,esl iqgqfui mat taemmrd sol i ds are di f
di stances and mobility. Mol ecul veist i nl arhge giamrsteeorun
di stances allowing for free and rapid movement o

di stances between mol eculheosweitmartglee elnioqwgihd f otra tce

mobility to occur. Mol ecul es ae Gas®cr ianedd lasqu

of mo |

positi

Ther e

red disordered systems aosn tthheey oatahmesri shba nrde
cules tightly packed in a regulJaaard drhredmg e
| ecul ar di stances are at a mini mum. Thus,
n unless disturbed by an external force.
s a thermodynamic relationship during con
e Tthrean giatnisdants.on i nvolves a shift between
ies that sefghiasteoerdkResaeagdiasntdi "Wétsostdatréng
by temperature and pressure and alters th
ent conditions, active pharmaceuti cal i N

crystalline or amorphous for ms.

Therimary method of preparing an active phar ma

crysta

sol ven

t

l'i sati on. It is a vital purification and

, defining the puriTthe, pehdpe maacet oif 2 @ r af

is dependent on theCpyospersiaseofhéhbur!l drggthlses

and ar

e

stabl e.

defined by properties such as | atltyi ces,

Amorphous solids, however, exi st in a di

13



2. 1lLdttices, Unit Cells, and Crystal Syst

Crystals ar e pedrifneecntsliyo noarld esrod d dishrweete h mol ecul es
structured and symmetric pattern, repeat-ed thr
di mensi onal arrangement ttcdhads dtedeé nersy @t alr ylsd tatl i

arrangement c¢an -doiemednespiiocnhaeld pbalitetaerrenmeat ed segment

(Figur)e Rach point in the pattern represents an
poi.ntlsShe environment around each lattice is ide
structure of the entire crystal |l attice is call

edges (a, b, c¢c) anB,the apgles between them (

Fi g@ate Fdviomensi onal depiacticr af rangreyetnal

Tlere aeref unhdrppementiapledewpi cht hessal¥ogeaphyec

1. The Law of Constanclyheofanamltes fhbaecti vad e nA nsgp eecsi:
remain unchanging as they grow.

2. The LBawtiobdbnalThlimdipeeegdg:ai ns to the systemati

in space. These planes represent di-f feren-
coor daxniast esyst em. The point at which plane
whol e integer numbers.

14



3.SymmeRIrygne symmetry is defined by i maginary
identical parts. Through a fractional rot a

edges, and corners replicate.

The fL£boedaxnast esyst em mentMidn eed aanthhedsi echbeose b s @il 1 edt i

and planes. When describing direction, the Mil/l e
the origin of a wunit cell to a particil alrhepoi n
coor dviencatageres wr i tten in square brackets [hkl], a

horizont al bar adabevei tbati coorédli abee. by symmetry
<hl Khe Miller indices of planes are described ac
the plane intercepts theThedpost e dor abprhaicck eadxse s (
directions, any negative coordinate Ciusl dgembotaecdel

{hkl} are used to describe a set of planes rel at

[001] [111] [011]

7 7.

[110]
[010]
Figa2Example of crystallographic Miller indiec
N z z
t[ y y y
X (100) X (110) X (111)
Fi gaB8Example of crystallogrd&phic Miller indi

15



The number of | attices which can be constructed
crystall ogrBapahyeahi sAegps$ taé nedd memasti oinral t srpae e, 14
types can3®heCaoargeayagpestd yegcitf i c |l attice Brawaaige mer
l atti BeaVvaitd i cessear @é n¢ @t pergiamii ttigyweetsrealg atbroadd and
facentraédtdey are described with respect to the 7
crystals bgmedt oy ed meibtelhnewbdéep t heir crystallogr ag
systems issd cthyardiicdteirnct axi al rel at iTdres /i psy sa redn:
arceubtiet, r aggrotnhradr,hombi ¢, monocl i ni c.Tatbrdlied IRiursit @ ,at ters

the 14 Bravai sickagst bt edss aweelnols sad hexampl es of cry

Tab2lleThe 14 Bravais |l attices athesglU¢eh b7 weenst a
the axes and the FPFamdtaxampht ode dikesr yatab,skapes

Bravais | attices Crvsi
Crystal primitilbasent ebody f a-c e shép
center|center
: :‘\ : ? [ ///?I\\
. H e [ I - e [ \
@u bic al ! L E“\._‘. l-‘;;;f---. St >
O = b = oA Ay LAY |
a = b = c| &1 ‘ 3 .
spinel
¥ iy )
i Hr ":-‘,{__*
Tetragona : B [l' 1
™ — — [+ ] -
O = b = 9| anf, -] <
a=b | C - ; \ L —
rutile
L il 4 v . l,f_:_',:\
Orthorhom] i i T P o8 /|
™) d """ =i et il bty e._‘--:— 'u.-...... N T———
U = b = 0 ('J a ") L] ; A- r\ ""-i hh--rl -"
P - % # i !
a [ b | Cla—tHt oo %t/,f
sulfur
}
Monocl i ni f
u = b = 9
a | b I ¢ 1~
gypsum

16



Triclinic ?7 1
u 1l b I
a | b I ¢
kyanite
oY
Trigonal 22T {Jg"_;;;‘
a= b =c “—a \It?
a calcite
N
-
Hexagonal ;
U = b = 9c E JL-']
=b I ¢ : A
a g .
a a quartz
2. Zryst al Lattice Defects
Crystals are hardly ever petheédtical Antvh ¢ oe amieg s ma
chance for disturbance to the | attice. Thus, it
perfectly ordered crystal lattice. Crystal latti

atoms or ions wutdédinTheseydefadcssrauaan significan
and mechanical properties of materials. Underste
is crucial for materials scientfiort ss paencdi feincg i anpepel
There are various kinds of crystal defect s, suc
def¥ctTshese are s ulmanmad2ei 2ed bel ow in

Tab2l2ze Types of Cryst al Defect s

Types of crystal defects

Odi meimIPPoi |1-dinensi dbhiah|{2di mensdAoeal |[3di men§i

defect defect defect Vol ume d
Vacanwaocasn|Edge di sl oSt acki nagd dfiatuifVoi ds an

|l attice sijcausedaebdi |lomi ssion of inclusio

I nterstitijlofhapfane seqguence

extra atomScrew disl|Grain baunndea

addition ocaused by |between grai

particles mi smatched o

Substituti

repl acemen

atoms/ions

17



2. 2Pdi nt , Pl ane and Vol ume Defects

Point defects are irrtelgaitl aieginatsbeéinr tdpeaeatysd all :
These defects include missing atoms/ions referre
these can also be impurities o, fwhfi@&fhehiegnr eppd ratciecr e
of atoms/ions with another. The combinatien of \

call ed Fr,avmleele adefSehtos t ky def‘ecAbl rehesetpoivatad

the crystalihsatalomempiromgetske purity and psychoch

Interstitial atom Substitutional larger atom

Vacancy Frenkel-pair Substitutional smaller atom

Fi gadaroint defects 4'n crystal structures

Pl anar ddfiesetoniadr e mperfections t hadmmdrley dthec i
faditshis is the additioncamusomigssixeamionfsia ladt i

fayl ¢ specSttiawcekliyn.g faults can occur duringberysta

part of amsatcherasdafiesdtocati ons. Twinning faults
inverts on itsemhgecréheyngaa mhmerdostingui shed
bet ween twin crystals with a varied | attice ori e

ofethattice resuictasisimgt @i melwolmdarnices orientatic

18



C Q=== O==O==0=D A

o—o—O0—=r0—0—0—0—0— A O 0= 00— 00— A

Perfect Crystal Stacking Fault

Fi gab.e Perfect and faultedcesntarcekadrnasitsaclqquence f or

Anot bdérmenh si onal defect is grain boundaries. The
of irregular shapes referadéd fteo eams dgrrditns.e Badlkn
The interface betageean ngymiunssa&@rpsa rkantoevsn taltse r egi on
or i en.tFatgiu® ks s2ptllaeggy suse of raft bubbl esi vcoadnstin

compared to the perfect grain. Each grmain can co

multicrystalline
material

1}
crystal 1 | crystal 2
grain boundary

unit cell
direction

Fi gaeé®rains and grain boindaries in a pol vy«

Vol ume dediememssiaomal3 defects also referred to as
the ¢éry$Shaste include voids, precipitates, and i

accumul ation of wvacancies or trapped gas during
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the introduction of foréd ghreairpiittdtess i hamd tthe I

i nclusions ar eprianpiupiittdtesss or | arger

2. 2Li2near Def ect s

Linear defects are | ineaanadadicsulrocwahteino nast oimms tahleo no
crystallographi c*>diTrheicst i doenv iaartei odni sopfl aacteadms f r om
the greatest cirmpdatl i nngmpemr yf £tcdli ogr owt h*®Thred phys
signi fi camdc heafnfieccalc roprad gepr tplebsowisng f or polfasti c
materi al s. 't rcsatmr emigit hem f madteeg m@ b b aayndh e § s actdwrce
behavioun organic crystals, this dislocation is
di sl d@atdi arhe sl ip plane, the p8 adleesl ocwhioh ehe
the required threshold for def ormation and di s|
mat er i altsh @bheeyoornedt i cEag u astimenpg2els ses the tot al ene
(Caai ¥é o

Eai sTEcoreEi i ne Equagion

Whe(s:)o i s t he c Qrgeqe iemetrtgey latnodee(eere gyy -ddegei bes

noaorystall ogr aphiscurstorunati unrga It heeh isdoesd tedncea tliionne |einne
| omgnge el astic deformation of the | attice cause
parameter;hboowemeassreften considered to bdaat | ec
the | i Ale Bmwes,gyexcluding this parameter introdu
di sl ocation energy. Consequently, the dislocatio
E|i:ne,0|b|.2 Equagi2 on

Where A is a constanti sK tihse tBiwer geelrass tviecc ttoern snoarg |

reveals that the shortest Burgers wvector corres

deformati dh dominates

The atpmth of dislocation within the distorted |

crystal | attice, t hew Bfua fgleavei ncg rtchue ts amse cp aotshe di n

20



the circuit becomes'? i ibempletey trlkRogsilrefdt topemomm,

is the Bumgdr s nvenol eciud adefsiymed mas the shortest

translation. The Burgers vector is not affected
system. Form I of the drug mefemsmaemctcomaci g K@%0a
the shombkestul atedi stance in the crystal l attice
b
o
o
() (b)

FigavrExample of (a) a closed Burgers <cir cwietn,i nf aa | {eldC
circuit needinyg vector b to close it
For plastic deformation to occur, tahBeua gteirvse velcit g
[uvw] |l ies within the slip plane*®(hkl ), expresse
hu + kv + | w = 0 Equag23 on

As mentioned above, thdisl opapdmdeiotc studrseds ftac eb &
pl ane. The dislocation, slip will staretsufltdamaga il

a slip line that distinguished® itself from the s

The t ydpiessl ocfati ons thaegcecridgpamdElcae wade dhoeatgieons

di sl ocation occurs when an extra half pl ane i ¢
di spl acement of atoms from their original l at ti
crystal. I n an edgetairslicc pteirprendTlcarl Bur g ®r ¢ hee
the slip plane. Screw dislocations occur throu
crgbt I n this event, the Burgers vector is paral
al so the possibility of mixed dislocation, which

21



I n this case, the dislocation |ine and the Burg

ot her .
Extra half-plane
of atoms
aeaent 1
BE e 2iU L X
i
L1 _‘b_:
(a) (b) (c) (d)

b7

(a) (b) (C)

Figa28e The movement of edge (top) and screw (bot

2. Polymorphism

Solids can exist asnatyséeal bnocoberasmbrpboasyshe
exhi birangengr deran@emerdbédormay be present ; howe:

they are often described as disorderedr mAthaephoot

to being thermodynamically metastabl e. However,
structure. A typicla,l exiasnpilmeg imsatsurlalclay (aSsi Oquar
amorphous form is what tsngnawd Bapigd assol iThhg ou

i mpurities such as sodium, ®hdhorsdersd|ltast iinca <
materi al wi t h a | ower mel ting point. Though

thermodynamically stabODebdndsto the strength of
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Silicon atom
O Oxygen atom

—0— —0 p’“O“
—o— Qﬂﬁp
o —0 (# 7R e

®

Figae.8tructuryestod! g maer popdiushout

I n total,

siinhpiucroirt ii defis@ai d e

silica

exi sts

nys$1abdbilh eleh utsoy sgsuaal ritizn ea

of

of

t he

same

substance. |

areexampl es

pol ymor phs

in two or more crystai? f oPronhsy,mok npohven haasv ep o |dyenmat ri pct
but different | attice structures within the uni
conformations.

Approximately 30% of pharmacdtuiTheast coempoualdsdiaf
the crystals means that polymorphs of the same ¢
behave differently during processing and in the
di ssolutyonmedbasi cal properties, and stability

the quality of %t het fisalherefgope odercy i mportant
polymorph with the desired therapeutic effect.
al ways be predicted, making it somewhat difficul
Andrew Bond provides a scheme for classifying
structural anP( sceheegmiX¥dea |2Tihete rcthietmy cal i dentity (v

types of

chemical

mol ecul jetsh epyr ecsaenn t e iidmh emductimesoosieindyy | s ol i ds

compounds

23
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of pol ymosmhmp.onfeMulot iphar maceutical solids cont ai
be subdivided into threergastadoer,i ean:d sall ¢« a&t. e sS/oH
mo | e csuloeisc hi omet sit oalclhy ovaietthri mo & lhley r. IHytdtr iad¢ & s s tar

similar except that the -so0l aentei mowaeteltesThae at

cal | ecdr yas tceol
The structur al i dentity (horizontal axis) classi
di splays how the structural classification can |

chemical compositiohi may aa#siTshtheo agrhdrophnose soyfs t @d or

soluble drugs tedidsper sponnsansgd supeoli otri on per|

bioavailability thanh Hdhweéwvercr ydueal Itionet hfeiam n s
thermodynamically stable, they revert to their s
Salts Co-amorphous
- AOA vov
E oA oA
§_ Co-crystals °
E AGA veov ®uy
<] »
x| 3 OA® oA® e
E § Solvates/Hydrates
w| = ASA )
=] SAS SAS
-
<
Q| » l [
[
G| g
o AAA AVYA S
©| 8| Aaa  ava AR
g AAA AVA
2
S
i% Polymorphs
Crystalline Amorphous

STRUCTURAL IDENTITY

Figate A systematic s c hpehnaer niaocre uctlbi acsésiy AsPacl aimbhd-@ e wif e
cryst8f/sallvent mol ecul e
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Th

ch

t h

i n

de

e most stable form of a drug compound tends to
ance of convertingsiomed i anest t dare fmorsm. sHawéd vee rf ¢
e desired therapeutic effect. 53%udiNheins ftihre tc d sae
1996, only one form had been discovered (Fo

vel opment of the drug, no stability issues hai

Two years | aterwebatfichielsi mg dihes dlrwtgi on requirer

wa

pe

Th
st
ST
I n
an
pa

f o

s due to the appearance of a more stable for
rformance of the drug as it was | ess weaoleubl e
nverted into the more stable Form ||, causing
rket. The drug was | ater reformulated into a s
oid polymor phic ¢ onvserhsoiw ni.mpTohret aenvte npto | hyi mgohr | pihg |

vel opment of safe and efficacious medicines.

Antermol ecul arCrlystastithicee gatsi &s

e molecules within a crystal |l attice are bour
ructure and strength of the crystal depend on
ti mportant to di hfhebheaoul at ei ibe®wevieeduloaars iamtder a
mohecul ar interactions are the types of bonds
d met alllninekrecondsar i nteractions alrhee yt hdei cftoartcee s
cking pattern of the Thel ¢egypleas oduivion gdarcy Woalss$

rceshy(dvdWen Ibomdiengredhr ostatic forces.

5 & 5 &

\v Intramolecular

Intermolecular attraction
attraction
Figate The difference between intermolecular inter
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2. 4. dteraction Types

I El ectrostatiAt sioncead hedb,oam ef atheesattracti ve anc
t hat occur bet ween partially charged?®%speci e:
Coul ombdéds Law is an experiment al l aw that me.
particl es. I't states that the absolutésvalue
directly proportihneangni ttioktehdheqggfpsoduaodti affer sel
to the squared dYsfTAecenebat ween andemositive
attracted thsqQqughethaw: inverse
0 00— Equa#®4 on

WheFies t he el ekitg otshheatGocu If opanicdesrgec otnise somfet g hcg uglee s
anrds the distance between the charges.

T Hydr ogenRa8loantdisverdn g, di rrexregeecabkr psslaoic intera
hydrogen cndedl eat hgy bbectronegative atom ( 0Xx)
el ectronegative atom with | one pai-HLEFE¥ctron:

f Van der Wa allless®F er avesrka n gseh oarttt r acti ve inter ac
nonpol ar? pahei pledsseenaen distribution sl uctua
temporary dipoles and thegisvsamg rnsepetgoghidWri.a
can further be diepalreaitmrduiugpad odidd qplod,e and Lor
f or’¢ e ®i-dpioploel e i nteractions occur between mol e
(pol ar par-tndlesd .diDpploéei nt eractions occur v
nonpol ar, imaluedwnlge a di pole by shifting i ts
pol arisation of the originally nonpoilsahre mol e
London dispersion forces. The temporary fluct
result i n i nstanttehrmerndisc edri peoyhpe di p oflheess ei n n e
mol ecul es, creating this weak interaction.
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2. 4PrR2edi cting I ntermolecular I nteractions

By use of aftioentilssn £ &cnadfind redceno | ecul ar i nteractions

mat he mactailccaulllayt ed, phesicop mgmeEe®Whmsewmgh t hi s, t he

|l attice energy is calculated. The |l attice energ:
lattice offhe vampeumnd. gi ven by the sum of all th
atom of a mol ecule and all the other surrounding

negligible, usually >18 AngsoOr EaiBTyhiass swarli ey ivsa cu

estimate the stabilitEyuaft-5.tome 2cr yst al and is gi v
O -B B B Equa®h on

WheWVEki j is the interaction energy betweenrn" atom |
surroundi Mg omes!l emd ulhe.n a centr al mol ecul e are de
mol ecul es. A factor of I is added to account fo

The accur aecefyi eofd tchael cfuolractei on can be verified by

of sublimation:

0 YO <Yy Equag6 on
where R is the gas constant and T is the tempera
The enthalpy of sublimation is the energy neede
solid to gas, at a dgiven temperature and pressur

Forfcieel ds oft enJ aumses thet eretninaalr dt o descbbbdetdhe i
atoms or moleculesobasedgaohtitdecounti sthaoacethe ¢
attractive and Vaepdkesi Waafor ees!| saifkee deewsittrla théenda c t

addoed!l ombic term to descrf®be the electrostatic i

W _ = — Equa®27on
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where A and B are coastsvmnitatepnpadéesoni, be thet htod

gangarge t he somehq@amigtesdeé et waead Badkkcttremdiconstant.

2. Brystal MoMpHel bgnwg&of Organic Cryst

The shape of crystals is often referred to as
However, they do differ in their definitions. T
where qualitative ter milnar ,0grye eddildde arsd ppdiesdimeatsi cd,
Whereas the morphology of a crystal is the quant
the Miller indices. It refers to the number and
boundary planes of! t@Grystrylss ad amoeprmle®gy Bhet sdir
habits. The facets of the crystals wil/l be the ¢
resul ting i nFiwarrtipauxs Craybsittasl (may al so have the
mor phol oTghieeys exhi bit similar dimensions within t
a differentFisgettBbpo f2 f acet s

These variations occur due to the varied relatiyv
met hods and crystallisation conditions, such as

growth rate of thdffexdetng dfhea r’@rswudttalng tmoup hal «

&

b)

5600000

cube octahedron rhomb:c pyramid  trisoctahedron  fcositetra- hexakis-
dodecahedron cube hedron octahedron

Figat?2 Examples ofsamgsmalphofotghpeba)y different habit
(i sometric habit) But different morphol ogies
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The shape of crystals is a very important physi

affect various steps in downstrdarmlpmagcesanidng add
wel | as the qualityfandebisalbesgiquaintpanrfugr pa mndeal cd
control and/ or predict particle morphology of dr

The ratio of the surface extrinissgusalylnt hosiesd ama
prediction of <c¢crystal mor phol ogy. The Bravai s, F
thhedentification of the most *Mm&% PPhhcel anpided | layx ciomm
|l attice geometry and assumes that the growth ra
the interph@anandsdacenyg! gydproportional to the al
the | argest interplanar spacing are identified &
The attachment energy is definednidas atheedntogy g
crydtdlt is calculated based on the strength of t
mor phol ogy &gc d ket hgtienmol ecul ar interactions. H

provides a more accurate morphology prediction

values of a crystal surface correlatiengoaashi ghe
of |l ess morphdbdgical i mportance
O o © Equag8 on

whe@y¢ s | attDé¢es ahemep@enseragtyt achment energy.
Assuming that the relative growth rates of each
energi es, an equilibrium crystal mor phol ogy can

phase mor phgdltogioess; nompeanceonsi der t ha effects of

Habi"i @8 a molecular modelling tool that calcul at
crystal mor phol ogy by calculating the attachmen
visualised and assessed’andpMagedmmBsi Suatbiods ck

coupl eaBy swi e raitbdacsSe d r(cShy st Sat liord t he prediction of

with respectsutro oulme i o gw leinadiss obnekdenh’®f hrexde i ct i on i
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made through the calculation of all the possi bl e

mo |l e cAulsep.esdiafbi cof a crystal face is chosen for ex
probe is placed on the grid. The probe mol ecul e
movements, Xx, Yy, dz @rmdaiitihtee acaoti oatni emalr,gy bet we
cal cul atreodt aatti eerveelr yand transl ational position. A
from strongest to weakest. The -bonntderamcd i ehsctam:

i nteractions.

3 dimensional grid near surface under = Probe molecule {shown as red star) visits
study every grid point

Typical number of steps in X, Y and 2 = It is oriented in three degrees of rotation
directionsare: 8x 8 x 8 P (8, v, 8)

One probe molecule explores every grid - “ = Forevery setof X, Y, Z, 0, y, 5, interaction
point on a reticular area L * energy of probe molecule is calculated

Grid .~

/
=  Volume of crystal (shown in brown) »  Surface embedded inadx 3x 2
considered for simulation is defined matrix to overcome edge effects on
ininput simulation

= Slice thickness (n)is multiple of dyy

Figated Schematic outline of the SystSearch predictior
on the gri 8 over the sl ab

Rosbottom et . -baals eudt isleiasrecch tnheet hgordi df or t he examin
t {280}0,00fAn{® 3T aces-i btipR&fTehne mol ecul ar model | i ng t
t ypod nteractions presenwhichlwelatedl athedrt ottrleea
of each face. Results reveal ed t hatboentdhdamdle,r aectth
to {0 ace due tiEODHesgrpboad at tdlewWdaalfacient eamac tw
to (OB} ace. ,lIkeihmgpod pol aacapsr obtoitch sao | hvyednrto g,en d o n«
di siphtghye st r ongeshdOiljfftaecrea.c tTioolnuse naet was found to i

{00} ace t{ibBhatke where van der Waals interaction

The results were rationalised by baompdreinn gi ne xtphee

sol v8ntts was suggested that polar {pit}dDPateabbbkdent
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capping face as it fAcapso theeddest@alddédygrn dhwet sl
rate at that fmalearcosanplaverdt st.o Thhoins expl ains the
{01}1f ace from cregtsh amicd ugdecadviPo |l iurne i s nolonadbl e t
interactions and Itynietrlked @ ame eraacowi mgrangl ower
t hat face and a {Oalpftaeace.grOwitdh axapleaians f{thided | es s
face and thdi&eemmlriphmnéo®dlye of cr ylsGita & setglhemavn i |
sl owest growth rate in al/l sol vent s, hence the |

mor phol ogi es.

(9/ (0-11) : l \
(001) ;(10@ 00-1) ‘

v 4l B

(a) (b) (c) (d)

Figaté -RBuprofen crystals grown from a) ethdhol, b) e

The same methodology has also been used to exami
particles are primarily governed by two types of
intermol ecubat weenewsamiilamns mol ecules or particl
intermol ecul ar interactions beéetweah. duskeedr eSrytst &
eamine the cohesive/ adhesive balance béftwéba API
i nteracti oABI et weeinc § #dted epg omii dben a(tBeud) and sal
with the commotH aladtumgs ee xma rpa heyad reatceal (ClMK) e d . Re
compared to experi meaggladbmeesaui 6 s whetrlketpewder s
powder | aser diffraction:-cohlteesi Yy dtySd ar dhke dadlec wslte
with -adpel dmenr adtat a, showing -adglremeairi ateidont hpr ehs sguhr

the pnedifctlLiHM cohesion and adhesion to the othe
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the experi mental data. This was pbroonpdo sseudr ftaoc eb eo fd

not being accurately calculated. This highlights
to surface inter acthieo s edturefsaedap afrptdirlayi er lagnrt eesr earctt it
real i fe. However, it does give a starting poi

formul ation screening of drug product s.

A more recent study by Ma et al. -mekdcthe- Spmet e
surface, -saurd asier fcaocheesi on/ adhesi on i ntterlcet aloinse
sul phataend BBSpse mono®Aydrheaet esi (MuMH)t i on resul ts \

aggl omeratiXmaywtauadmpst ed dt oamoigy aipsh.y RXLUu)t s reve

cohesion was consistently the strongest interact
with the experiment al results. The study highli
codieon/ adhesion in inhaluafiace powdércsi oMmheésstht:

i ntensive and demandi ng uosf ptohtee ntthirael e ys-piamoeefdftiico ne
guick turnaround nature of the pharmaceuti cal i n

the three scales suggestrftaae sihmull @tsisomd eima nsl i nfg

2. €&oncl usi on

The crystal science outlined in this chapter proc

sofsitchat e and surface properties of oocq@awrircerrcaoe sd

pol ymorphic change have been described, both o
substances. The intrinsic intermolecular interacf
as well as the <calpcrueldaitcitont hoefm.f oTrhcee Ifaitetlidcse teon e r
stability of the crystal, which can be verified

mor phol ogy has been discussed, and t heed.p o tHearbtiitaIE€
calculates intrinsic synthon prediction (lattic

synthons (morphology). Whilst thes8ysteBetaanld par
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particle surface interactions. Al t hough -t hese

particle interactions at various |l evels of drug
to experimental refsfuéen sa JNoodcetfhedmrdast i dmefyor t he
scientists should foll ow.

The properties described in this chapter provide
in downstream processing. This wil!/ be further e
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CHAPTERRHE

Drug Powder Properties

Tabl etabil ity

This chapter details the processing steps invol
prfeor muloabmpacti on. The i deal powder properties

duri ng manauexaxltalsirnendyy, Assessment of these pr
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3 Drug Powder Properties Influenci

3. Pr-or mul ati on

Sever al factors need to be taken into consider at
prfeor mul at,t bt st hge physi cochemical properties 0
characterisedntdtoaggaifni as pnoeessability &nd its

The objectives of this cridiealht adbl agd phydi cgcdhe
of a new drug mol ecsulkei,netii)c dreateea npirnoef itlhee'sadimdi gst e
compatibility with common excipients and iv) sel

83 This is achieved by eéFRamivmhien® the properties

1) Organoleptic properties 2) Bulk characteristics

+ Solid state properties
* Hygroscopicity
3) Solubility analysis + Fine particle characterisation
+ Powder flow properties
* lonization constant - pKa
* Common ion effect - Ksp
*  Partition co-efficient 4) Stability analysis
+  Thermal effect
* Solubilisation
« Dissolution

* Solution stability

* Solid-state stability

*  Bulk stability

* Drug-excipients
compatibility

Fi gG8te Proeg mul ati on8tesearch areas

3. Route of Admi ni strati on

Drugs come in many forms and may be administerec

of administration areaeadtéhal chbopkecdkepandspanelt
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the desireddfarcatieongf tdhresetur ati on of t herapeutic
therapy?®l s needed
Enter al admi ni strati on i s used when t he desir e

gastrointestitmadut(eGlogf tadcdmisar atnfdas ubhi®hgbéasaged

forms include tabl et s, capsul es, powders and sol
Solid dosage forms need to possess both hydrophi
in the aqueous medium of the GlI tr membyanepadsbe
varying pH |l evels of the |l arge and small i nt est |
and weakly basic drugs, makithgLitbheimd!| eessmwslodtuibd
advantage of not needing to be dissolved, | eadin
Topical administration is used when the desired

to where the 8actThos icanr dguidroedde t hrough direct
i nhal ation, the eyes and nose. The dosage f or ms
aerosols and gases and sprays.

Respiratory drugs such as aerosols and gases ar

through the membranes of the airways. Thasl arge
we l | as -bhlheod hdaor gadi etr hi s qui ck absorption, hence
Respiratory therapy is mainly uséddowédDéeahobal aac
useful route of administration for drugs of syst
The parenteral route of administration is used f

tr8ctThese drugs are administered through vari o
i naraeri al and subcutaneous or through i mpl ants
and are therefore absorbedsgquioklyhwi apeani al mos
of therapeutic action mak®ewsch hasn wWeerfacpat i émt 2
This route of administration serves as an alter:H

for oral delivery and sensitive to absorption vi
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3.2Drlug Pat hways

After a drug has been dissolved in the aqueous r
membranes into the bloodstream. These membranes
end consisting of a phposwslpphloydrcoaar bormgrohugi m.ndT hae
such a way that the polar hydrophilic ends are i
the cell . Hence, the hydrocarbon chains serve a
To penetrate the phospholipid bilayers, drugs te
theffect. These are | arge globular proteins emb
drug targets. The main drug targets that drug

channel s and transporter sh.e Tcheel |d rrmegmbnmoal neecsu | beys epie

or parpaéehifalar

The transcellular pathway?®i neassiese paisfsfi vei amdi =
smal |-s dliuhlde mol ecul es across t he phospholipid
membr ane based on the concentration gradient, f
concentrat idanf.f u@a dinlrimt atf egpassi ve di ffusion, whi
cannot move freely across the membrane. These mo
proteins. Active transport is théeomogemdnenodof t mo
cel l membrane via a transporter protein (usually
The paracellul ar pathway involves the movement

cells. This route of transpo,wthiich <cmpeaniofti palr lIme af
the |lipid bilayer of the cell®" membrane through t

The majority of drug molecules are transported a

few which rely on the paracellular route tend toc
3. 2Bi2oavailability
Bioavailability refers to the exrteeanctheasndt hreatsey s

circdtatitoms dependent on the properties of a d
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admi ni ster ed. I ntravenous drugs are injected d

definition, 100% bioavail abl e. Drugs delivered
the GI tract, the drugmbhrsaneasanasmdrdtbeso ralca d sisnttd e
moves dir ecwh giriteso nehea bloilviesred before it enters t|
that only a small fraction of the API reamches t|

never have a bi;dawadicladb ivlail tuy $o0fffalin@ebotbleda rwereenl elva r
affecting the concentration of the drug mol ecul
met abolised and/ or excreted from the body. Me a
determi ni ng tohfe-haodrr raeveetn oducss adlgas gtsh a@dvgair snaccorke npertii

studi efsorimulpatei on

It is vital to ensure the drug concentration in
l evel Jdf Asxwelilyas making sure that the drug i s
met abolised.

Anot her factor influencing the | evel of absorpti
di fferent formulation may act di fferently in th
rout es, whi ch may ei taher oifnabsasetdornondedhreaazee bti k
3. 2BiB3ophar maceuti cal Classification Syste

The Bi ophar maceuti cs Classification System (BC
compounds based on t haegiure oiunst essotliunbail1ti pt Byt naenadb iudsiiestcs
predict andi vorplehamacoki metl ieas eofsoi mohewliioartaogy e f
measurements. The BSTofmalmatwiook @t Wdi e@ésn fpare t he
candi dat es, choosing a suitable -viotrrmul it ©® ®@ quiawyg

st udi es

38



Tab3le The Four Classes of the Biopharmaceuti cal

Hi gh SolLo®ol ut

Hi gh Per CLASS CLASS

Low Perm CLASS CLASS

Drugs classified as Cl ass | are highly solubl e
the GI tract. This cl assbiodavdaiulgabialriet e xpredctwidl |
problem for wsd eciarsei "Muesdiget éiotrimsg sSlthep rfadre abso
drugs is drug dissolution.

Class 1|1 drugs are highly permeabl e but have | o
solubility. Even if dissolution were to be quic
di ffusion through the kipHdnméimmi he eargatse &mp dodeq L
is solubility. Ways ttheeeli mptouor ebDlabshityposaseéessts
met astable drug foem,c.particle size reduction
Class 111l drugs are classified as highly solubl e
the |l ow permeability, the drug must be released
wal | s. Prodrugs and epde rtnoe a tmpo no veen hdar nucge rpse ranteea bu sl |
Il i pid me mbr ane. Prodrugs ar e derivativkebskef a |
hydr op,haiflfieccittiyng t heir °3I nfTaéet ipmaldr pgr mesabu du alyl y
inactive but must undergo rapid chemical conver s
Per meat i on ceonmhpaonucnedrss tahraet t ransport poorly per me
via the transcellular or paracellular route. Suc
and sufP3factants

Finally, Class |V drugs have both | ow sdloubil it
or al admini stration.
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3. Powder PropewnstersedmrProcessing

Once the API particles have been fi Bt eread eandf

downstream processing steps which they must go t

3.3Pdrticle Size Reducti on

Particles formed from crystallisation are rarel}y
altered. Par ti ad aersr cowWw psaratl il c bseaezsgi ezaes ddail s tdreishi urtei do ny
all solid dosage for ms. Reducing the size has tfF

content wuniformity throughout the tabl ety enhan
Milling is the most common mep®8oidf iuc emi If loirng aed
selected based on the particle properties and tF
commi nuti on. Commi nution processes generate heat

the partitagleses.esTlkeaamme cause particles sbattef aamur e

turning them amorphous. The generated hentl|l asd t
to undergo polymorphic transformations. This d
physicochemical properties change, altering its
particles) is common dlhénfi cosnmcauseomsepgregass

particle size distribution -imi ftdrem pmiwdteu if ebrl A dn

powder bl end will i mpact the flow properties ¢
consolidabuonobehhe powder bl end, t hus influenci
successful tabl et .

3.3BI2ending

Once tfhoer npurleat i on studies have been completed an
the APl needs to be blended with excipients. EXxc
i mprove processabilittyhe tot aebnihlaintcye oafn dt/ loe ¢rmrwd e
enhance the bioavailabil 1%.% Cominomv d radlllet g wealcii tpyi
f unct iponess eairbeb tRei B
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Example
Saccharides and their derivatives,
e.g. sucrose and microcrystalline
cellulose
Sugar compounds e.g. sucrose,
lactose d-mannitol

Silica gel, talc, magnesium carbonate

Stearic acid and its salts, e.g.
magnesium
stearate

Tab32e Types 6% Excipients
Excipient Type Function
. ! Holds the particles together,
Binders enhancing mechanical strength
Diluents Bulking agent, e.nhancmg flow and
content uniformity
Glidants Enhance powder flow, anti-caking
agent
Similar to glidants and prevents
Lubricants sticking to tooling surfaces y
reduction of friction
- Aids in the dispersion of the tablet in
Disintegrants

Coatings and
films

Colouring Ease of identification and improve Synthetic dyes and natural pigments

agents tablet aesthetics e.g. titanium dioxide

Proper blending is very important to create

APl in the mixture. Segregation or demi

bl ending process itserafur €ompy nmoivlse asiamd @ad lseaneo
powder mas s . This occurs duecfthe vari didfeommdn g
mi xture, ,shapme asA’didensity

Demi xing or poor cowmtbemretr vendi f or mii recit$ yofcioenpr es s
of smal |l er particle size segregate from
partThkhéesurface chemistry of the particles

and their cohesive and/ or adhesive nature. Cert a
to adhere strongly to é&gsispman proessduel ftaionags si nT hai ns
bl ending procesgi.al Swc aetspsefmudl t hbed etnlde mdi n g

ti me wi I resul taliom gu nbd eernndi xtiinmge, wwhlill srtesul t

t he parrteiadliensgy very cohesive fine particles.

A blend of poor content wuniformity wil!/

the subsequent wunit oper gstuicohn sa si ng rtahneu | naat N uofna catnudr

the GI tract
Prevent tablet deterioration, taste-
masking

41

Starch, cellulose derivatives

hydroxypropyl methylcellulose



To ensure adequate mixing and opti mal powder Dbl
mi xers such as hhlgédrede rssheamde mbkwenlseer ¥ ar e c¢commo
shear mixers are hbastpdwer fcowlhemeée vleampiowalerfsor ces
aggl omerates in the mixture. Tunmblbet s1itg fMd m & B@evor

powder s.

IN-LINE HIGH SHEARMIXER
a) RECIRCULATION SET-UP

Feed inlet

Gaarbox

/" Imensifier bar
/

In-line High
ShearMixer

Mixing vessel ——
\

T
El Discharge valve

Motor

Downstream

Fi gB28chematics-shkaa) maxbklrigamhtderb) a v

As part of the QbD appreaaandfhr,arRamemespe OtSc@PYQ p )
anal ytical met hods (PAT)i mar enomo ttoirnalgy of’s eechef db
Computati onal model | i nDi aoHl e ndmtt h a t i adrBeE Mpnop |so yseudc
for a deeper understanding of powder Dbl ending b
bl ending behaviour, which can inform what adjust
This type of QbD appreacd hiamef heepotuteaées adand mo

trial and error.

3.3T&8bl et Manufacturing Routes

After the drug particles have been milled to a

exci ptileenrtes i s a choice of three different proce:
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tablets are wet granul ati on,ouddiyfnigagda3nihl € tci hooni caen c

of which r ouityle dtew etnallse omr it thaer physi cochemi cal nat

WET DIRECT
GRANULATION COMPRESSION
Blending anulatic Drying

DRY GRANULATION  jmm—

Fi g38e Schematic of the three main tabl et man

Granul ation is the process of adhering primary p
particlesgraheleed Gobaasl ation preventenstiergirreggat

homogeneity, improves powder flow of the blend a
3.3.WBetl Granul ation
Wet granul ation is the process of forming granul

dry powd®P MmMheatuirqgui dtmneéeds anad bolatmnde sol vent

is the preferredd elcitduwied aesnviitr o némeanohsatd bl lye .f rlite ncdal ny

on i tksowewer, it is wusually wused with a binding
drying. The powder mixture is aggregated to for
under the influence of amaaged atloroudhearescmuud dn nt
| argan desired. The granules are then dried and
granul e size. A lubricant is then blended with

tabl et di e surfaces.

4 3



Spraying Moistening Solidifying Finished granule

A A

A
A @ O° | -
S 2 )
N
— — —
Reuder "Snowball"
Binder droplets Liquid bridge Solid bridge structure

Fi gB#4e Stages of wet gr'8hul ation (reconstr

3.3.3Br.y2 Granul ati on

I n the dry grgarnaunlualteiso na rper ofceerssed t hrough aggrega

done through two main methods, slugging and roll
the mixture. The final granul e si zewiitsh aac hliuebvre dc
Dry granul ation i ssebnessitt isvuei tneadt efraral mo iwsittuhr epoor

wet grdah®ul ati on

3.3.3Bi.r3éct Compression

Direct compressi drwikes unhe oO@eetr atalomdsp didntel. pTehr e apa
are bltdhededompacted into a tablet. It i s used f
compression and flow properties and don''t requi
direct compression, as very wlfewoutat Euraher hpve
formul ati ons where the API is not the major <con
through <careful excipient selecti on.ggTehi sp otretn dosn
the forfhulMatiaooni d segregation, components in the
range. Another method of avoiding segregation i
bl end contcaihressilvieg praant i cl es “WAdTlBenad hmalclodresp aret i
to the bigger particl es, creating a more wunifo

formul ations with!°Pow API concentrations
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3.3Cdmpaction

The final step for all three processing routes i
which has three main component s: a | ower punch,
powder blend through wappmemp,dgmuntimgm@r ¢ adhd dthy atnide

the powkihgus e 3

UPPER Powder
Fued blend UPPER
PUNCH LOWER
PUNCH
DIE — DIE DIE — DIE DIE - DIE DIE DIE
LOWER
PUNCH PUNCH PUNCH
1. Tablet punch configuration 2. Die filled with powder 3. Upper punch compaction 4. Lower punch retraction

—tablet ejection

Fi gB3becBemattiecp soficne nipaabclteito n

3.3.Meclthani sms of Compacti on

For -baabe tabl et producti on,t arhd red f gatewsrseerss. tTehredy
rotating turret, whi chwhiisc hdihvoilddesd tihnet ou ptpheer uppupnecr
which holds the | avadwhdpaumchelsds atnide t dhieesli ePr oduc
the size of the turitgpi,2dad|l 908@pe¢e oofmorkeetpanched
hour can % produced

Similar to single punch tablet presses, the die:

t he excess sicyg agpcecerrapdlhlbykea single tablet presses,

and | ower pundre®eyr mivintld floecpepreeli vered through
compressimpreompl lessswmi crholdreag ssmal | er in size an
roll ers, whichcamegr &3 gigem . r dlhleempgs eexert a | ow pi

removing any trapped air between the granules be
needed to compd ecsrsedthe @otwalelretan The compressed

and pushed,wlhoemne at cehyutaer e col l ected in a contain
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Upper Lowering Cam
Scraper and Tail Over Die

".‘-"-’"-".

Fi g86.e Schematic i mage mefchafstmary tablet pr

Tabl et compression involves the operation of tw
within a stlees tdie .f oSrtcoree skse iénegec ta ppmlail e darteca tolfe aonr
case, t he%8b'adnedr ibse dc al| c ullTahtee df obrymeklq utaatbiloent 3t a k e s

shape of the die and punchesnt hTeh ed ipeo wadse rc ounmpdreer sgse

As stress is being exerted on the powder, the p
are being compressed, the air beammwedrhet lparpartie
closer together, Iimiting their mobility.

wo = Equasdl on
whelies st rtefesr c & ampd liise d-hectcirosasl ar ea.

At a certain pressur e, the movement of the part
continues to increase, deformation of th@) partic

a result of the appdlieaplisald®Risecsai mnids caal dwl ti @ d e

| <

Equas2 on

wher=e strain, e is thanfdrastibeabrichgianaglk iengeh.
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The stress vs straifFn grugkEeh8s obnehdef osmdepontedcun
regain their original shabe ahvervedheststettclsi ma
interactions wiMhocubcbyeb&([ MGLYH aealoimmloms ephar mac

exciwheiodh known toahd vecyeaebastitbe Vhecoppbygi bé

is plastic deformation, which occurs when the p:
the appl iThdsspresess involves the breaking of in
new dmés. i s the ideal condit iPolnasftoirc tdheef o romaraitd no

by active slipCsbgptems?2. déEkicsi bepeiaf deformati o
such as |l actose monohydr a't®heimproei wigi thbietr eg
def ormation to occur Pyasnd&noovnurass athet hyd ey ide Isd r e
tithependent process. I f the compression speed i s

resulting i'A° a fragile tabl et

Ultimate tensile strength
Fracture point
Yield point
Yield stress p------------—-------5 i
'
a
s
et
n Plastic region
Elastic
region
Strain (g)
Figg7A tygdireasls ¥s. strain curve
The YoungoEs smoad unheucshani c all property meeaeduwrsitig t |
def ormatihoat her words, it is a measure@ofvehow st
st r(@)n
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o - Equasd3 on

As compr esdgii fofneroecturmechani sms of bonding are po
1)Solid tbmaydgeesmettifmgm crystallisation, sint
chemical reaction
2)Attraction betsweem. sonloil @dcpbhati anel el ectrost
i ncreasedrpgdrctliieclceont act
3)Mechanical 1dwd etrd oicrkriex@ul ar particle shape ar
4)Li quiiddue Itno capill ary forces and surface ten
5)Il mmobil e ilaisqui o efsiullm of viscous binders and
As maxi mum pressure is reached, the bonded sol i
plastic or elastic deformation inside the die.
ability t ostwietshssetsh ygleentersattiecd r ecovery during dec

the upper punch i s pneéter datbddtfrnemhteha dine pd aviet \

rebound occurs in the axi al di r eecltaisotne ¢ ylrfettbhie bde
guick as well, causing the tablet to break.

The tablet is ejected agdgoutheofl otwee diuemchaviitsye,s d
conti numaeldl dpreessure and friction. Radial stress

released ,fhemtahketdi elal% aild YW eRpdwmalls| &f er-ces anc

wall friction affect how easily the tablet is ej
ejecticoannt Thidsies s nplt hrmes ompact, weakemiersglittisngst
i n dsefienctt he compact, especially if the compress
Brittle fracture may occur i f the compression s
powdertlnI|Tehnds | eads to further densification of t
def ormation is the quick and sudden crack propag

This type of fractur eh theingdhsl yt odiorceccutri oi nmiadmahtsgdr isatl

of l ow ductility. Cleavage fracture isdedimneggle o
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crystallographic plane with the weakest bond str
def ormation is most common in crystal 'i®ne?* orga
Compounds such as paracetamol , aspirin and sucHt
crystalline stru¢fure and poor plasticity

The final tradbb vestt nmeunsa u glthe sttor efwrisderts atsand tReovery
decompressi onaandavetj eatsi ¢time stresses induced by

or crdmMblAi ggod tensile strength is therefore rec

The most common method to assess tablet tensile
by applying a compressive force diametrically on
strength is calculated by:

y — Equag84 on
whellies the tensiFies stthree nbgrtena kiMPg )f,orce (N), D is
and t is the thickness of the tablet (mm).

The ideal tensile strength redgtwired for the st an

3.3.14s.52ues During Compaction

It i's not uncommon for tabl et defects to occur
include capping, | amination, picking and stickin
Capping is the complete or partial fracture fror
tabl et , whi | st | amination is the fracture of t w
during cbhp€eppiog and | amination tend to occur
compression forcehsablWittthi nggn siprecerdgasteher e is an i

strain. tl htahies stthooruegdhtel asti ¢ energy after wunl oad

capping andt®%r | amination
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-

N

= S

a) b)

Fi g38e Tablet defects: 2) Capping, b) Lami

Picking and sticking are the most common tablet
powder granules stick to the punch sur fraocbeuss tr at h
t aBiletPi cking is a specific type of sticking wher
or debossed tablets. The main cause is '8%aid to

Howevewsgegarch has shown that the problem is more

OO~

‘ t UPPER
o a |E D

DIE DIE Dle EZZN DI
LOWER
PUNCH

* &= _LOWER _
Compaction Punch Retraction

Fi gB8%.e Schemat-stioki pgnthdgehloirgietdi nngabl et

Thet i cpkhienngpmeat o mpmakti factori al probl em which ha
angl es. I't has been correlated to the choice of
conditions, envi r oenlneecnttlad®s t&H: tddswe wers,, =atmudi es
powder properties have the greatest I mpact.
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Process Methods
& Parameters - Particle Bulk Properties
s

A 7 + Solid-state properties
Environmental - - Morphology
Factors pid + Particle size distribution
pe » Density
- » Hardness Powder Bulk Performance
r— 7 - Flowability
C f Stickil | Powder | « Consolidation
auses of Sticking ﬂ Properties | + Compactibility
L ___ l\ Particle Surface Properties
=~ ~ - « Surface chemistry
- ~ « Surface energy
Tooling e » Surface area
Properties ~J1 + Surfaceroughness

Figgte Causesstoifc piumg,h highlighting powder pr

Powder properties such as flowrahdl pgytisieesi a

eneagy wel | as the intrinsic c¢hoeam calll acnadn tnroil kewtud
I't i s therefore i mpordafamdsd opruanpgerrtsiteasn dagd htehaytie
wi || deform and eventually stick. CerThus, API s
understanding their materi al properties is key t
Crystal mor phol ogi es and surface energies have |

shown t hlaitk en ecerdylset al s -Isitk e k€érmydstteéaslt Swars @ltdtre but ed
energies and the exposure of polar functional gr

energies and exposed polar groups have been obse

p unich

Needles 7 Plates

Figaié& Effect of mor phology on the sticking tendency
compr é%sion
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More research is focusing on the use of partic
Optimising particle shapenandyr sdudiactg st mayeix pad
recuwc i cking'>propensity

Paul, S., et al 0 ®e d dethredtt dptyol vedt el rc apl r oappeprrtoiaecsh and
will affect sticRiThebshackomyg e amost 24 chemi
obtained by quantifyiumsg ntghea adchornvad | gowherer mpun
pressures, 100 MPa and 269t MtPiast iUcta Invgaspairg s mad tl h
most significant factors attributed to punch sti
shown to affelbtit puoca ,Bodwwe ké pgdteindd ff oraa, Athalk a i
pressur e. Il ndi vi dual factors did not show a dir
chemical diversity gfhet ted feampo wrfdd hewtewea inglh vi di
found that the ratio of surface area and tensile
and 200 MPa. The study further highlei pghfopemaw it
another .

A model was developed describing the sticking ki
of cohesion and adhesion % WBWPIngeacsipmienas medh
S.,3%% tthmhd adhered powders hnears sc add yt haen ad wrscehd thiyp Uw

after compacti on. Resul tt © heki pplnayhe d itph avta st h éh arha «

al one. This |l ed to deeper considerations of the
punch surface, API and excipient matriyunchhe m
adhesiwve( Fb cere | arger than the forces within tl

when t-déxciAfPlent matri x adhesi onAPbrcebeéF8N) fBoOecC
Whereas severe sti *FBi.ndgidam wnrgs walsem etfltee rked t 0o a s

st

(¢

king was referred to as Type |11 sticking.

The model suggests that sticking can be modul at e
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o ] I

i | —'
. - -
Punch tip |
i 4— T L*"i Tvpe 11 H ﬂ
Powder bed — —_—
@@ - excipient particle E f E ) - E
3 = APl particle w
FigBl@& Schematic of the model describing Type | st

stiéking

Foll owi ngPatuli s& sSwndyi,nvestigated -@xicei gindndtuse nnocaet roi
on the sticking ptPlopFeonusri tdyi foffergeinte ndi ARlcst compr ¢
highi cki ng,cceolnepcoouxnidos and i buprofen were prepared
cellulose (MCC); PH102c aatde d® HAIOt5Kf n¥ o I( IMEICd anlan®i |
hypromel | os&3:(1K 1nbiM)t uarned of st arch and PH102 (S3P
and celecoxib was measured by assessing their t
in their di fferent formul addtoinen ,diad lesdtsocriviene |
measured gravimetrically using a remoyalli € apumagh
strongfePl APolhesi ve bonding (F2) than i buprofen

whi,abcording,ito dxfqipepeaioadc | dud Pl ocohessuvpeersstr API
The different formul ations displayed the same t
PH102 < K15 M< S3P1. This nicely correlated witt
PH102 >K15 M> S3Pl.wiHhlgheweFr3degreel at esticking
nicely with tR%andeywehred pneodt inoond etlh at t o -eoxvceirpci oenmet s
matri x adhesi on needAPIt oc obhee sgircema.t eGh a chsainn g hneo rAeP | g
enhance tensile strength seems to be a key fact

reduce-AtPHe cholit act at the punchPIlsuupialced, reduci n
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Powgeroperti egmaynwdchhawge h&a&s a result of powder ha
gover n psrtopcekhhsaigtpyot ent i al of crystal engineering
stidksi ncher efAch @ plyslieadchemi cal properties are

their t her apeounteiwheasetfirfoeecttspiuc h  rceasne ama miep sl at e AP

f ormul ati ons. Neverthel ess, t he ani sotoompmild enat
proper triyesst alli ksei zce, mor phol ogy, and exposed pol a
This potenti al has been recognised many ti mes; I
|l acking in mechanistic explanations for the <cor

met hodol ogy in place paati chaea brpgubhéeéibed techkami

on surfaceA pgruonpmeaermeindg sa.l understanding of the in
process, and performance is Whatggiebd e Mbtasr isalf c
addr ensastiesrgieadi fi ¢ i ssues during tablet manufactur

3. 3Adbvantages and Disadvantages of the Ta

Wet granulation is the most used manufacturing
mat erials. The main advantages of wet granul ati o
T I't increases tlte exqitzes @fn tewenppwmddrixcl e si ze
bl emalédsseegregati on, and i mproves the flow pr o
T The compressibility of the powdeted bdteindi tiy. i |
1T High shear granul ation causes a high |l evel of
filling of volumiimmbgnoe mateniiaak ahdaredewcgtr ap
f By using a hydrophilic binder, the wettabilit
their disintegration and dissolution profile:
Even with these benefits, wet granulation stil!/l
steps means it becomes -@amn sewmiemd i pireogpea BsC,narmal @usi
l abour , equi pment , and space. There is a risk
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Th

st

St

pr
hi

e X

eration to the next, al-csmntiandit.fescAsiiatch etrhd ipo ¢ s
t granul ati ofnosri abitlhiet ypoitesnwtasal of moi sture sei

anul ation may cause APl 6s may undergo hydrol ys

e dry granul ati-ehf pcbicesst han meee goabul ati on

eps. It of fers the same fl ow, compressibility
ability risks are asvoprdede sas arod |iig,uitdheéerse fusrea
d moisture %8nthe¢ifver matieomadbs granules in the

e wsel|l bkroconphacst means that beheapbadeirng,s pgo
ducing theli3°cbmgaeins bal sagvant age as these gr
ough to produce!®a rseintcoen g, i Mpudtant alblhatt t he n
anul ation already have good compactibiljty fea
ich can contaminate other drugs, but al so caus
rect compression can only be used when the cc
sired flow and compaction propert ieefsf.e cTthiev ekregys
e reduced unit oper atinotn,s hneenacne tuhsee uosfe |oefs sl essp
nsumlpes onl abour and faster production ti me; a
oduttion

milarly, to dry granulation, the process does
at ands emosiisimiawreer i al s, el iminating potenti al st
mpression tend to have faster dissolution rate
anueéesl ting in a quicker release of the API

t many materials are suitable for direct compr
oduct s produced from varjosuesh pastisplra-y f drmat
ystalll iTshaegseonexci pi ents are therefore more exp
operties of the powder blend are mainly gover
ghest concentration in the aB xhiugle. d®dsegisnof h

emhtte herapeutic effect. This means that unl ess t
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operties, direct compression is not sui,tabl e.

S

ch are difficult to swall ow, |l i kely reducing
ited-pfod e nkdpyshe APl s. Weight variability and | a
ue in direct compression, affecting the safet
APl and excipients, as wel Is, a sc asutsaeh iscengcrhehgeagte

e

wder bl end.

L. Bportance of EowgpeesBli owl ang

r

t

production of a safe, efficacious, and robus
er components and bul k powder behaviour; Sp
ani cal strength. tPhepetablcemteast based@ oomi ttywo
ations in the tablet and API distribution.

powder blend is added to the die cavity by \

r correspond droeoai $peeidf ivé awai gulet gdnd cont r

ht bet weenarpenoduwmadeéed at albihetos 4o oHli gcho nvtaernitatu
ht indicate poor filling mrfopgéret ide £ ,0fwhtilcéh p
powder flow is often due to the individual
as size, shape, surface roughness and true
eassesentdeofpreohesi ve forces, l eadi ndg?®?to ago
icles of irregular shape andcawvsighgsarpaweesr
poor fl ow properties. As filling occurs vol

fl ow. ,whlieah driagpliay egproa Ifdrogvepr opmaoati e,s sp

cles with higher density.

ocess settings may be another reason for weight

el4t¥\id¢ usti ng pr oscuecshs iansg fsSeestdtairnngaspeefl opt i mi si ng
ocess.
or API di stribution in the overall tabl et is
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reason for poor APl distribution is ssodreq@atiean.

si zes, shapes, and densities. This is the main r
more | ikely to happen in the direct compression
Common methods of assessing powder flowability i

the angl'é* of repose

The Carr I ndex)( @ln)d (Haquuwateironm-A3 i or € HRRQt f Emeaiad 0 o

assessing the ratio between the free settling p:
are often used i n phnadrintoasteewe i c al he epsewdehs ahldo w.
00— pmnm Equash on
0 — Equasgt on

whet e, s the tappeds dehnesibtuyl kanddensi ty.

The angle of repose (AOR) is anomeetf cfdnhidarbliyi ius
As bul k powder i s pao ucreende pcevde rh eaa pf lisst fsournfeadc e The
angle between the heap and the horizont al base.

gi venEQuart4®*on 3

Funnel

— Pile of powders

~% Angle of repose

Figgata8 |l ustration of angfle of repose experl
— 0WE — Equas87 on
Al yamil .estudied how excipient particle size, ble

content uniformity-dasd bBomogaeheifegr of!“fThiwteaemi n
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mmo n excipients, mi crocrystadglil me i ciedeéd| s ar
amined using | aser di ffraction for particle ¢
anning electron microscopy of SEM)miaired siumrtfearcfee rtc

fect of different blending techniques on the f

cremental addition of the excipient to the API
| ataomeceebhndry povwvadeeabhgbdratd mEken University
s used to examine the content wuniformity of th

Results revealed that the shape and size of exc
exhibited the best flow due to its granular par:
poor flow because ofanidt-ggersntalnliesre dp asrttaircclhe dsiiszpel
properties. MCC displayed higher surface rough
particl es, which contr i bWhteend etvoal lueattti enrg d chret ebnlite r
reseafobedwhtennatbl ending f agromenhgéec HduLUeatdi ogs . del
homogenous bl endJvaatu all o vibd re nddii Inwgt iddmds .not produce
l ong bl ending times. The novel dry powder hybri
bl ends at |l ow dilutions regardless of particle s
The study illustrates the difficulties -donsedrug
dr u@osn.t ent umirfeartmiybyp dif®eictled properties of both
addition to the appropriate selTecubspoinmiosi b eaxdc in
sel ecunderbyandi ng st hcersuec iparlo pteor teinessur i ng good co
As previously mentioned, for a robust tablet to
i mparted upon it during compression, decompressi
i ntact during packdags pnegn sitmga.n shso rtthaet itoenn,s ialned st r
compressibility of the powder blend and how coh
the effect of both bonding area (particlle icsont a
crucial in optimit$%i ng overall tabletability

Tabl etiavatbhid yty of powders to form ogdbBeeld thywot abl e
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key compomenesasmdbmpatyi bil ity

Compr es b hmielaistur e osf aabiploiwtdyert o decrease its wvolu
i s descQ@oiobde dc oansp.r essi bility is an essenti al gual
successful compaction to be aaddrevedadi dsPoampmd cwend
resulting in poor contentHoaweveo®r migooandompproes gi
al ways guarantee a successful tabl et . It IS Ppoc¢
c omp aictty .bi |

Compacti bméasyr € sot hea powder's abilitixstpambai al a/
are compressed, pdbeorsditrnyg iasr aandarr®dadsetargedrt getnts i | e s
indicates good isuehpasdhogl, avdWbandi omg, mechani c
When two tablets have the same porosity but dif
strength has stronger interparticulate bonding.
compaction pressure bluarger bendiemgearneatbendeenm
more efficient and polit*entially better tensile st
The desired proper tdefsoram epl|faosrt itchael |pyo wadse rvwse Itlo a s

fractumereasing both particl.e Poowdekirmsg warieah amd e

deformation will yield in a failed compression g

For the reasonsfdbwabséetdyahbavdperdarmalreye sfsaicbtiolrist yt ¢
when semecufifagbat Pogwders of great fl ow and compr
compressi on. Powders with good flow but poor <co

and powders with both poor flow and compressibil

Tab3d3e Criteria for appropriate route selection

Compressibility
HIGH HIGH LOW

Direct compression

Wet granulation

LOW Dry granulation

Flowability
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The Heckel ceqmani gnussedamethod to evaluate the c
t hat powder compression follows the first order

reactant and the densi f i'%®a fHreenk edf etghuea tpioowd eirs igsi

ag — QU 0O Equas8 on

whebDies the relative density (+-aRiiso pofe sksulirie demps i

related to die filliagd amnile pkagn vweecss et hoeldPaprireaandg esnte
materi al, at which iR rpdiacatiesal b gt tdeerf oad aonmp r eAs slioc
onset of plastic deformation. The equation is of
aég- Q0 o Equas9 on

wh eEies t he PdrosiAEgalglle erndi cates better compres

Anot her met hodcompraasadiysii Inigt yt hef powdelsddies t hr

equatEgoatq)ehi 8h chahactelasesenship between press

redu’cdtd i wmere C is the degree of volume reductior
Vp is the powder volume after compression, a |i
constants a and b. Constantamd ibs irse'stalt ee dmatbearhibael
f orce. T h er eipnrveesresnet,s 1lt/hbe yi el d stress.

0o — — Equasg8i®n

can be rearranged to:

- - — Equasg8ibn

3. Xray Computed Tomography (XCT)

Lab flow and compacti on annoahleysd irsuna gthenegheXircgoyneb i n e d
computed tomograpby aXCEyveandegpies i h*dlitghits iant o

application that has been ext ¥fsgmudelhya se mglno ymod e
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years, been used to study pharompaetFiziTioal geowedat
principles Fargaurden@i dtnevdblivre t he i | | wmiyrsa tfiroomm afn
ray source and a detec-t a3 cTalpea usammgl & hies t r @amn a tmd
providing sever al radi ographs r esulatligrogh & gheans e ¢ e |
projections are computati-Dnakpyesecoas!t.bnlchbee dt h
virtual vol ume all ows fionrt etrhnea |v insourapl hioslaotgiiocna | a nadn

of powders and tablets.

\(‘;::: ; Rotation about 360°
=

Loose powder within \
|

Kapton tube

)

X-ray source

Nail Radiograph image is

recorded on detector system

Fi gGtéXray comput ed -utpo nBoly tPdnphhayl es et

3. Predicting Mechanical Behaviour

Vari ous computational met hods have been used t
compoBngandi medat o computationally predbasenhat er
describ/ptbsrisng t he Cambridge Structur al Dat abase

protocol was used tdhedenobgfaml skakrghgeki phpl angs

obstrMidtled pl anes fSéon pease mofr eslliigkeilrygst o occur
these tend to present |l ow obstruction under str
pl anes but | ow interpenetration with wihteh dltt om

i Nt er peneutcriantgi onhe rpds pipligleigtiysce @ itree f @l ea,ne s ar e
categorised by I-®velk efpgambeiitdineg (ptraotgiroanmme sear c

pl ane,spahceiirg dand whet her orthogonal ©planes are
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b)
Figseibd Diagram illustrating two different types of i
wi hbh interpenetration of |l ayers, thus no obstruction

plane, obs$%¥ructing slip

I n combination with finding the | east alhletruct e
bond di mensionality of eatvhnpli amearkl drass birikaeds
t he mechanical behaviour. The researchers wused

phar maceutical systems amphsompargamaéahsem Tbet pbeli

were ranked in order of predicted tableetabatl it g.
I n téheofcamparacetamol, for example, the superior
The analysis successfully predicted tchrey sttraelnsd doif

not al ways predict thetemgharteabl bt abmbi eéycompl &

suggest that adding the geometric analysis in ad
may be produced. Researchers also identify that
direction of the slip is not considered. There

undergo sl idp rieffFiaodpedc3i fic
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Figgte Il lustratioonugfhteadhisghlteym displaying’"potenti al

Nonet hel ess, the studbasedodescatptiotshanreéopoid

analysis of tabletability and show strong correl

y define mechanicaln pgrhoep euntd eerss,t atnbdd yn gg roe a tnh

Combining these with the energetic data of each

materi al s.

Through research thhye Q@ltusanrruit eest wahli ch i nfl uence t

crystals and ideal slI't8 Thleagne tqu aldi ttiheas wehree ha wtl

organic crystals yields compl esymmephgygl cyise¢ € masf |

|l able slip planes, thus restricting the ma
defatrimon behaviour is also influenced by the st
nvolved. Studying the nature of the slip plane:c
behaviour, i -ber ikkrtiltet Ifer amofdutsheemimat beaabhgeThe mos
have the following characteristics:
Low interplanar rugosity
Low interplanar | ocking/interdigitation

Low surface energy

No/ |l ow breaking of strongoinmtsgr mol ecul ar i

ng the above characteristics, likely slip pla

vector direction was evalvuated by taking the s

predicted slip systewist bfsguaasicr iim,demdrartdloant irreg uv
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Il brahim et. al . expanded on this type of mechan
with qualitdt pvedaocaiysei 6ramework for the unders
of organic crystals was created in an effort to

t ooHisgurr . 3

The workflow starts with the selection of the cr

slip planes, statistically ranking them from mo
vector is evalwuated,s anal dtleatBeud.geThse malginpg t pldan
analysis is combined to evaluate whether the mat

|l ies within the most | ikely shup+pkan,d rifdiikck)t® s(f
that the material undergoes plastic deformation.
interactions is assessed. I f the strongest inter
it suggests ;cliefavnaogte, firtacitrudiecates rough fractur

mechani cal enrthaerigot@rmgicdf@edpyt hr it ol tetranitrate

; % Strong
Anisotropy Rugosity of Interlocking’ 5
Surface Energy Factor Q! < of Planes Hydr;f:ll(\(l!nonds Pt
Lo 0

Low High w No N

| | | :
“Ranked list of >
| planes {hykil} |
\_ _/ A

Brittle material, |

VeNn-> i" d
| del

forming by fracture |
)

™~
'/ Ductile material, ":y
| deforming by plastic |
\ deformation y

Crystal planes O Decision
R

Crystal chemistry

\
Lattice energetics D Input

FigBL2g MechanicalPrkaficrt mat® Wor kf |l ow

oo d

6 4



The provided prediction workflow offers a ratior
i mproving the drug product design process. Howe

workfl ows needs to applyinhe zompdendange dfe or gd

3. MModel $SMetemamic -mandi aald D

The selected model sy anaenms ,t omme f evreami ¢ na aoiod ua e d
summary of the reasons for selection was state:qt

properties, and industrial rel evance.

3. 6Mdf enamic acid ( MA)

Mef enami co deu dl-whs st sem ftpfloawvtd eirs part of the fenamat e
anitmfl ammat ory drugs (NSAI Ds) . These tahresiorNeSAI Ds
stru€ciguke8)Mef enamic consists of two additional
ring, briadngecolby. adei ti on to mefenamic acid, the

tol fenamic acid, mecl of(EBhgml8dddci d and fl uf enami
FigBt®& Fenamamiec tir est:r a9 p dreenmtmisct rawcdtdur eéo6) mef enami c
acid, d) mecd)offelnuafrme nca nmicc d

The evidence od nfhamamaloggsiaod amti pyretic natur
been documented as early as the 1950s by Dr Cl
mefenamic &2i ©&ri Wi a8éd first introduced the dr
1962/ 1963 wunhdaerrmat hceo miphaenny Par ke, DBav-asanbdsCdmpasyg

of Pfizer.
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The drug is now used globally to treat wvarious

chemical and physical nature of ithmetheupgphananmaes!
i ndustry. Unit operations from crystallisation t
the quality and performance of the final drug pr
Classified as a BCS <class |1 drug, it has ver)
permeability. Thus, high drug |l oading in MA te&
bi oavailability, and the ddditsisohuof o@xcipients

MAnaturally fthiyee-dil &8 & eis rmioangpunl oshrolgga € sai wi eégul ar

particle sirzeuditsgthgil d untaipliooowna Bahnedi par t i cl es ar e pt

accumul ati on, causing difficulties in fandliinmgg
during, resulting in poor content uni formity. [
i mprovewalhiel iftly. MA particles also cause var.i (
compressibility. The particles cannot undergo d
boding untemMhetrred ®s e, when manufacturing MA tabl

granul ation and fasshdc ¢t é onf of ®waxbkl i einn g . Hence, N

direct compression. The poor compressibility ca
forces are too high, and the compacti on pslpaesetdi ci
deformation are added to the formul ati on, and ca
Punsthi cki negr insajaonrotmmanuf acturing issue during ta
causes a tendency for it to stick to al/l compact
of the impacts of sticking isefffounidenai escd¢o Din
about $20,000 an hour, whilst wasted material s &
millions®hofidotusaref | ubricants such as magnesi L
sticking propensity. The amount of lubricant add

too muchedaymeadvei ssol utibwmemnwli tbh otahvea i d dadbiitliiany .

a |l ayer of MA has bebderpsfionmeéed, saadmiggeh eAthibonn ,t hteh
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MA powder mass canl hguwi,c kal ygreadwmu luantdee.r st andi ng

properties is needed -eixnciapdideintti ofno rtnou |aant iaocnc ubraal taen

3. 6D-2anni tM)l ( D
Dmannit ol is a white odourless alcohol and sugar
and an excipientsollutblies campobghdy dwat ¢ o-OH}) s mul t

ready to interacbowdsh udaasre mepH adpoer nmisngalhso rel ati

all owing for easy-OHnhgeoapsi andbwhiween t he
OH OH
_OH
OH OH

Figgte Mol ecul ar-mabhnutobre of d

lts phar maceut i miad Dtuesne ustya ratnedd qiun ctkHe became po

failure, cerebr al edema and gl a%coma fdmweti onst
excess fluid from tissues into the bl oods-tr eam,
up in affected ti-maonastolOvqui ¢ khley yemersgedd as a

formul ationg, onmahlretgedr iamd h dheedtda bilsesof t en used

bul king abggtostbobpinonature means it doesnoO6t eas
to a formulation wild/| i mprove the stability of
aqgueoukispl ubi i mprove dissolution and drug rele:
wi || al so improve the flow and compressibility ¢

compression formul ati ons-r eat@rheareipmgp oiutn dd d ess i meetr t
most APls. For the properties |Iisted and its | ow
ingredient in many formanhmitt @lnsi.s Fofrt eémesseed eiarm c

for mmKlati o
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The selection ofmaehdiena@almi @s amodelandomMpounds for
to their industrial relevance and diverse physi
t hei rstsadlei,d sur f ace-iardtduvadlull yk aprrdo pieni o dl e rgbrionvaitdieo nc r

insight into theirflionw earxrad td oompsa catnhido ne ff eercft osr neann ¢

3. CToncl usi on

This chapter explored the unit operations invol"
encountered during aCayp pofn gt,he amrhosddisicakimngrggasnide p e r

common tablet defects affecting Dierfaddt @r o diurcttli

successful tabletting have been narrowed down tc
of these properties has been explained. These pc
anmdechanical properties of the API and excipient

for the production of rr-oebssge fsaf ms.ando np utiactaicc

predicting deformation behhbhabbey ahnhdorigeani mpacioma

bogbeomamndi energetic information in a model for m
The physicochemical properties of individual ma 1
easier to understand. Howetctemponsstesyatieme. whhe

bet ween API and excipienxt, sasr ftalte ipm teapdepeadiitedsic |aer

involved can be difficult to determine. The surf
decoupl e. This results in further struggl e in
pr opeirktei efsl oow and compressibility on manufactur.i
Det er mi ni-eigc it hieermitPlr ati os, especiatlbyefexcimpidenn

poorly charaddtteyr ibsyeidse s€tiinlgl (thbeT )most r el i abl e me
wasted resources and production del ays. Thus, ut
is highlVhérmreoaredcurrently no robust predictive
based on its effects on processability. The un

def ormation and bondingThusi PgDcopmpaettomopesl!| i
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providing a mechanistic understanding of how th

and the mechanical behastl owrantl €Eommatat bons i nf
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CHAPTERUR

Materi als and Met ho

This chapter describes thetmament atsonsefisardett
wel I hhneosl ecul ar model |l ing techniques used in this

materi al characterisations to bulk pow
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4 Materi als and Met hods
4. Materi al s

Alplowderisn utsteidse mpe ogefeedsved raw materials from su

4. 1CHemi cal Powders
Tabdle Raw materi al i nformation
Compound % Purit Source
Mef enamic acd O 99 Sigma Al dr i
D-mannit ol O 98 Sigma Al dr i
Magnesium St ¢ O 98 Sigma Al dri

4. 1M@Il ecul ar Structur e

The mefenamic acid compound ctohemenidstod @af poaeagidbao
met hyl groups on another phenyl ri nisaultde )adn a mi
The compound crystallises in a tpiclltinéd@nsirgytsgd a
mol ecules in its unit celd= 1dde fbidn6e6di 8ty 7. h6e5 7u nji,t

U= 11%=571M0=93. ZOA, 2 aAli guri .4

i H
3
H
N Hs
a) b)
Figdlie a) The 2D molneecfud mmamisct rauccitdu rcee ppifct i ng its atom

within a unit cel |
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Thémannéeéompound comprbesaeasbackbrgne wi(fihg4liae) .hydr o

I't is orthorhombic, cP2ZuX&.t altl icsoinnsgi sitns ao fs pfaocuer gntool
defined by the unit cell par amelt eer s9:0 Aa, =b 5= 59308A13;
Z = 4 affFi y'erbe ).

OH OH

OH OH

a)

FigdR2a) The 2D mol ecmdranmi $d&cr ndgeput e afomh types and b)
a unit cell.

4. Mol ecul ar Modell i ng Met hods

4. 2Ldttice Energy and Habit Prediction

The mol ecul ar strucwase downlInoeafdeendka mi comci de CSIL
XYANACandmadnni t ol referent®® Tbde:f i DMANTICOQUdes c
informati on, whi ch was usedustimngc admeguil sagteeia [p ag u d m
mechanics priédgruasm nMOPtARCe PM7 Hami | t oni-sami.t elchifso ri
organic molecules. |t i-empmpbcalnthaongestesetdama
obtained from more computationally Trenamyi DF Me
using the commom B2kYBEN, & tainadn Csheetl p G®°c hEaw ggre tphaa u g
semimpirical met hods are very effective, charges
description ofl®lEdsitmgnaddistfrebeanti omet of parti a
el ectrostatic contribution to the |l attice ener gy
|l attice energies of both MA and Dbdmpenengsij fthbhar
conclusion about crystal paldkii™"gheaemaf snteabitlhid ych

is consistent with being able to effectively c:
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st

Th

mo

re

by

Th
su

S u

mpounds. This approach is alsvbactemaod!| gr wsteadal i
uldt es
e Momany force field was chosen to calcul ate t

d bonds. Thel?2odicepéi il de-hpegan®iral bwdragéf b
itable for calcul abong, | aartboeyéihér glkceys sfod radmtgid

oups found in MA. More geh’@drakt hoerecaphi éleds f os

mpounds sucthd mes ACHMBARMMwWwever, the Momany force
its focus -andtdepagki hgrososmdll organic mol e
r predicting | attice energies and itntoriowvside sar
|l i abl e bal ance of ecbiomnpe risnitveer,a ce li emmtsr, o satlalt i €f a
curately modelling the Wbl k and surfaces of or
e | atti cceonepnaerregdy twast he experi ment al l attice ¢
blimation for comparison. Al l intermol ecul ar f
ogram HABI T938

e morphologically important faces were selecte

ivided into attachment (Eatt) andnsliTihcee BFExsH ) e

nsiders |l attice geomehleyr, gesrt aitntnegr plhaantart hsep afce
rphologically important. The attachment energ
|l ative gr owtHyuma ®2@nodd tehdec hehhraecee n & | mor phol ogy
op eHrABH iT®g in the FULL modé and visualised in
0O 0O Equa4ion

60 Equa#42 on

e synthons that contribute to t haen datatnaad hynsda nst oe
rfacey conffemeiascth face aided in rationalising obs
rface energy of each crystal face was <calcul at
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Equa#43 on

where Z is the number hifs ntohlee cislpeesiipih e ntAave gamir to 6c
Constant and V is the cell vol umei . efhehesudégre
unsaturated interactions at the various crystal
, — Equa44 on

4. 2AREXxci pient I nteractions

The interactions betmaeremi tmelf emearmé cmade ldl eadch du i
Based Search® (AylsttSeearghgsi ble interactions
surface, referred to as a slab. The program bui
pl acedandnmoved at each point of the grid in thr
rot atdi,omahle,ii nt eraction energy between the sl ab
and transl ational position. An output file is <cr
The inter amctdiivn gl eadrbo ndlosandWel BPctrostatic intera
have been calculated for all/l crystal surfaces, a
and the probe molecule is calcul ated.

* 3 dimensional grid near surface under
study

=y Typical number of stepsin X, Y andZ
directionsare: 8 x 8 x 8

* One probe molecule explores every grid -7

point on a reticular area -

Probe molecule (shown as red star) visits
every grid point

It is oriented in three degrees of rotation
(8,v,9)

For every setof X, Y, Z, 8, y, 8, interaction
energy of probe molecule is calculated

/!

*  Volume of crystal (shown in brown)
considered for simulation is defined
in input

= Slice thickness (n)is multiple of dy,

Fi gd4Be Schematic outli

over tthe sl ab

ne

of
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Surface embedded ina3x 3x2
matrix to overcome edge effects on
simulation
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4. 2SI3Ppane I dentificati on

Pot entplaadness icpaind éoret ir faipe d-P@s it n ¢ | teh ¢wo©$HDi enmbt ehded eCdC C
Mercury programme. Al l potenti al pl-)a,nexsr ag ep asrcatl
(+) is calcul ated, referred t o-baosndslnagb oge maorta tain

bond network dpmengiandlthg, pdrpendicul ar- pl anes

Particle tool al so allows for surface anaTlysi s
t ool guanti fi es cruoluagrh nleesvse lo nb yt-he ashorould eaet | chagv itahtei ¢
surface atomsfirtelmltamwe a&or mas v etste crystal face.
Both packing $eateresengdtsobsidre used in the as
slip planes assessed in this project were the

calculations of theseih®B8e beers howurmpl dtee di ou idn d

ranked plane may not be the material's actual ac

4. 2 . St.alti stical Analysis

As wvarious attributes of both packing and energ
Attribute Decision Making (MADM) statistical ana
Two met hods of MADM werechgeBrotdaddAapAdRhinc glueHT
Order of Preference byT®ES8Mid)anr itthye tAoHPI,d etahle Saotlturt
are chosen, in this case, the four mo st signi fi
st uldPi é%°hb’dnd b,rretakr digguigtoasaimtdyn § enceer. gyThr owdhlepai r
comparison of the attributes, weighting factors

matrix. The valuesd)odreéehehedBrnsgi mal maedi k (

Y ——7 Equa45 on

The weighing factors are tHRgn mulvii ingl iae dd elcyi sn @n

wei ghted norWa.l i deexdt vaT@RS$I § i s used to svelect t
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and i dewawlawoesof each attribute I s determined.

S, positive separd&tiapganhdveheepdeati warate calc

Y B o @ Equa#46 on
Y B o @ ® Equa47 on
The shortest di stance from the ideal be&t sval ue

calcul ated by:

o —- Equa#48 on

4. Bharacteri sation of Powder s

4. 3PdwdeRayX Di ffraction (PXRD)

The PXRD patterns of the compo-AX8s D&erAevabte
diffractometer. Powders were packed idntdo 59&mpl
with a step lsiTre odbtoaiOrRedni MXRD patterns were

provided by the Cambridge Structur al Dat abase

4. 3TRer mal Anal ysi s

4. 3.2i.flff erential scanning calorimetry (DSC)

For furt herongalrymadri ph, the melting points and
examined using a differential scanning calori
measures the heat flow differences betcwaeom a s
of time and/ o021 tregnpefr asamel esit5were wei ghed i ni
covered-hwi ed pids, Hemromd3@ACIOAC3ImMOAC under n
L The®sSfARvare was wused to analyse the measur

(dndetand the endsdtiamempert @aigurae i D the endot he
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4. 3.2h &r mal gravimetric analysis (TGA)

A TGA instrument by Mettler Toledo was used tc

samples. Similar to the DSC, this was done to
The change in mass i s meaandefipmsoxai manmnelty obhl
sample was placed into an alumina crucibl e, h
instrument oven. Measur eWfernd 6 030GAICe umaeleor che d r at
ml i n

4. 3.2y m3amic vapour sorption (DVS)
Wat er vapour sorption of the samples was mea

Measurement Systems (SMS) Ltd. DVS is similar

time, but as a function of rel asiampllRumisdiexpok
a specific RH wuntil an equilibrium moisture c!
varying RH concentrations wuntil a full sorptio

temper aepbeastant throughowt0 tmge onme assaumpel nee nw a s
sample holder and hooked onto the microbal ance
was measured as the percentage relative humid
90 %RtHhen back AG UmMmRHdat a2Wwas plotteedmbeddgdt he

within Microsoft Excel

Temperature Controlled Incubator Balance Purge
Microbalance
- .
&l Vapour Humidifier
Mass Flow Controller 1 T Y
-~ \J =
—_— Sample | le Reference
holder holder
Regulated Dry Gas Flow ——— - —
A
i
> Temp/Humidity
v I Probes

Mass Flow Controller 2

Fi gdda8chematic of DWVEpE°nstrumental set
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4. SM@r phol ogi cal examinati on

The Hit aehktih HiaggHh et op Scanning Electron Micros
examine t heoftnhoer pphoowdegry particl es. A otchairmb olnay e
stickers mounted on sample holders and placed
100X and 300X magnifications wunder the MI X in
backscattered electron i magéwwwinghfoecomadaopse

composition and the morph'dtogical roughness of

«1 08 100 g

(b) Secondary elec mage

«1 08 100 pm

(a) Backscattered electron image

Figd4bExample of differences between a) backscattétled i mage

4. 3Rarticle Size Distribution

The Malvern Masdiesperzeer 2D Eugded to measure t
the sampl es. The instrument wuses |l aser diffra
particles are of spherical shape,t hRy i msé¢ r afme

measures the angle at which the particles sca

di ameter of the particles. Smaller samples sca
Il i ght at ;b audgefrf-eamgdeparticles wildl give di f-
di ffraction pattern is therefore a combinati on

Approxi mattddey m@lOe gwas di spersed at 1.0 bar. Th

2B80% as needed for each sampl e.
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4. 3F5owabil ity

For evaluation of fl ow behaviour, t e aedesCtaa rr Misn €
bEquatdamBElgdatidespdpecti vely. This was done t hr ouc
density of the powders. Humiddi t adn 2t2e st.i n gA dtay
cylinder was fiadndedt we tihnitthiea lp owedegrhd e ca.ndT lve | wymlei
then carefully transferred to a tap density appa

was set to tap for 2 min, and the new vol ume was

avol umee.chfalmegg bul k and tapped densities were cal

The Carrds I ndex is found by:
00— pmnm Equa#49 on
The Hausner ratio is found by:
0 — Equa4i®n

whet e, s the tappeds dehnesibtuyl kanddensi ty.

As a secondary measure of flow behaviour, t he an
materi al was poured through-lakteushalpeontAo a mhge
heap was captured, and t hHe wiamaages eglr d e sneias @ r@er ad

RN LN ERANN ERRNN AR CRRAN RN (U (R

Fi gd-6.e Angle of -maposeotest on d
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4. 3P®dwder Compressi on

The I nstron Meicthuatned edpli gdepesd ewi t h a 10r kdlt ¢ o;aidmpmle
compact sss anldle asesmpressi bility of DM, #EA,86B& 3 co
and-23B8sing a 5 mm die, 0.030 N 0.05 g of sample
(100®O0MNO0O N) at varyingi@.istmom/ spheedssgH&i0dd med ¢
48a). The best tablets werdd® 00r dNataemdl at pa st @omp & @te
Tool optimisation was rkigaidhbavwldi cchr ecad u Indy hbae | wsneyd

ejection. The 1 nstron owhpiucths cfaonr chee vuss eddi stpd acdte

properties of the tested powder s.

Figdgv.e Ilntron Mechanical Tester

b)

Figd8e Tooling used foaA)powdmm caioemprR)ssdiosm:base, C) pi
D) tool used t d rmunseharmditb)c oonptaicrhissed piston also used
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The Heckel equation was used t(EqamdllynBhed chpr e s
strBgss,calcul ated byAthBwndveasesobestepecompres

faster onset of plastic deformation.

a& Q0 6 Equa4ibn

Where E is -DheDpiososheéyr éllati ve density), P is t
(inverse o¥%i &l dgPterseastgth,e A i s t hediientfeirilcleipng & ep

rearrangement

The strength of the tablets was evalwuated throug
N load cell, and tablets were aligned under a pi

strength is the f oyr cher eraekq utihree dt a bol edtE gaomed-I Wansa #4d a |

wo Equa4i2n

y  — Equa#4idn
Whefies the tensile strength (MPa), F is the brea

t is the tablet thickness or height (mm).

e i s
Figde8.€abl et bef oraenednmd cafstteresd t est

4. X-Ray Computed Tomography (XCT)

The gener al principles of the imajbdngltechwolgue
il lumination eafayas amamy easnovit e Xand a detector ¢

Xr ays The sample is rotated 360A degrees provic
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projections. Usailnggo ré ¢ tment b ma teicc alons are comput &

providbngemr 8sent at!P.%nT hoef vtihret usad mpvioel ume al | ows
studyntoefr nal morphological and structural featur
f‘é‘;j Rotation about 360°
=

Loose powder within
Kapton tube

PN

)

X-ray source

Nail

Radiograph image is
recorded on detector system

Figdie rxay comput ed -utpo nBoly tPdnphhayl es et

Ther &y computed tomography facilities at the Hen
weruesed to visualise the internal Str uotfurpeureaend
MA , DM and composi t5i00#8% afedMA &t DMDMabDet was scaeé

tooling optimisation.

4. 4Sdmpl e Preparation

Foll owing a similar mé&t htohde epeopdessredsploy r Burfm et oe ta
the hepghyamf d223cmube &dfi ght and 3 mm di ameter, \
sampl e was then pl aced-XiRiatyo Say 924 BEbleS S8 tXar eande dac avhenri sn:
the sample wasXoqrawmwoand fapmetdheen times by hand

repesatae@ndning the sample after 0, 10, 20 and 30 t

During the initial beam time granted in March 20

MA and DM -adadpoweebSOmi xture. These were scanned
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Avol tage of 80 kV, a power of 7 W, wusing a 4x o0ob
mm and ,018s mencgtiivienlgy a piv®ml Ai 2% o0&t 8cctbdrl ekcitn nwa

1601 pr oj eesteicoonnsd weixtpho saurle t i me.

The rest of thel3mhpoawBdr7mexeuseannéd& during the s
in July 2022. The scan setting was adjuetedgetoobd
80 kV, a power of 10 W, using a 4x objective 1| e
14. 2,rmmpecgtiivienlgy a pi xel 2xliezecofor 1 bcdod | GamO&9idnge d

projectiosasecwntdtheapfsfre ti me.

During the first beam time, the DM tablet was al
mo uinntg ttdhvetmhe end of a pol yaandi deh et wabigech aweidtehh de pao xnye
The compact was scanned at 80 kV and 7 W using 1
31.54 mm and 9.02 mm. AT 4L 0@Bjog etcitvi dniseowd d Wwa B

exposusand iamepi xel size of 2.63 Om was obtained.

The500-3B55add T@mblets were scanned during the se
settings. The t &80 «tvs0Awase ngcdmrnddnaing and the
di st anx &s motf GanhBlThe objective | ens used was 4x, (

second exposure tinemand a pixel size of 1.89

Figdte Sample prepamygticompufted t loenoag)r afphheyeiramgpredrti anle nt s
i apol yami de twmaenil)l5 crompdct
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4 .

Re

vV O

p o

me

4D&2t a Anal ysi s

construction of the data was done-dibynedei sgalRe
l umes using ,thehdvbwigubhBbydih€bmomer ci al version

agon€CdmetbyTechnol ogi2ed&f1cCrd n Widwaadsd mes ed t oD anal ys

|l utMkes . 3D virtual volume is a 3D grid divided i
|l ue based on the atomic wei grhitgudd) 4ddeinssp ltayy so |
rizontal slice of MA at 20 taps, displaying di
d lighter for the tube and particles. A cylind
r the analsysies coagioeohencyahlh shenanahgsiec avei
rface effects. Under the &6l mage Processing6 f
e selected analysis region. This filter smoot|
r e aatckEd ufru-t 2c) 4 Thresholding allows for sel ect
abling separati onFiog-t gam,r4titcd ®svdlrwome tfhreaa@tiirons
is difficult to di-manmigtudpl®mvidmetf beh @amide aci d hfe
e very similar, with mefenamic acid being slig
analyse the particlAepdaparatceryeivaltheéelbelrk (F
i ss waaftaeprpltileae firmadtt oweam fomeclearer di ffer
wderTshe algorithm makes the greyscales more di
fenamic-maondtahd dhe filter wasnodot accessible
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Figdgite2 a) A 3D rendering of the mefenamic acid powder
b) a horizont al slicectylhrnoaudehr tameal ycowde malse&kd owietrH ag e
the extracted analysis region with applied 6bilateral
t he pardteindlids ed through threshol ding.

The volume fraction was calcul ated as the ratio
was calculated by multiplying the volume fractio

were determined by c¢ adl cHialuastnien ¢ qtali¢-9o0Caunsdl 6nEgg U a d e & n

10r,estpigwcel The consolidation behaviour of the po
horizontal slice analysis of the data. Density e
vokeapart, plotting bed height against density.
Tablets were analysed similarly, selecting an ar

wi dt h: 1.01 mm, height: FOi.gdust anyd. avidl wWmet hr aclt. iO
calculated by determining the solids and -porosi-t
measured porosity. Unli ke in tnaennbulokd paonwdd enre,f etnte
produce dicfafl er evhte ngrceoyyspact ed. Theref o-mapnpnthel vo

was abttet éeombeed through regular threshol ding.
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Figdfild a) a horizont ad0 stldlkcleett hwiotuhg hant haen &l0y si s mask
anal ysis r empeifeemawiitch atctimeniiir edl) @manmpi eépadngadticles a
identified through thresholding

4. 4.Qr.ilentation analysis

The anisotropy of organic crystals and their int
to orient themselves in speci ftilcedipemmy(d e rrepseplsemnit
orientation of an oAj®ats Ame acshujreecdt biest wieeefni nle8d0 a
a theta9Wadmude D0 degrees. Tipilanpl aowhd cthh @ so lpjea pte

zaxis. A vertical objAeAln dhAdsp Gitrhael daehiesttao vtahleu ez o f

TheVadber §hadbi on in Dragonfly was used to separ
including determini n@btlettsd dnad gkié gs@itd)etdhoins i n t
study, the orientations are categorised into ho

Specifically:

f Hori zontalardeef msedtain@meg dmgalndg el O 0BfOA and

80A to 100A
f Vertical andéed rarsetdi oWmisn g a migd trefy e@ls8 00AL 7t OeA ,

10A to 1480dAnd 170A

86



f Angl ed orairdentiacedhdehg dmpndes AGBA and 35A

to 55A
This classification allows for a systematic anal
a) b)

Figuild Examples of a) watershed appliedesatbiangicl e:
hi stogram

The resulting orientapteiremr ndfagmearftriegluesn ciys apl at tff e

analysis was performed for the 5 tablets.

It should be noted that the geometric probabilit
powder depend!$® oTnhisi nme(atnlse ttanf)er e i s a natur al b
oriented At Ipatrda ircdars,90 nstle aodr) olf STOWVer bir ¢ @alnt @t h ®ma

reported in this study are therefore céhsidered

4. 4 Re®ment ation analysis

Segment ation analysis was carried out on the for
tablet was di (Ridgedrs, ntdde ! 13 hto X eox all composition
each cell was determined by <calculating the ma:

t hr es hibg wai tligo.n( 4

0 P —— Equa4idn

Wheobbes mass fraction=obVolcompoheatti’on &énsiotmpoaf

componentdensity of matri x.
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The Rose & Robi h®wars Miaxicikg w4 e by f i rst cal cul

standard deviation of the 1 ocal composition and
mi xture. A mixing index, M, of 1 indicates a per
0o p — Equa#idon
" B — Equa#i®n
i e p e Equad4i®n

Wheyre the variance of the measut kbd ¢ acnmopnapslceetieolhly a

random miExtcom@ositi en=imeamcholrqeddsd,ltli. omymber

FigditB3D rendeabhgt oftid®i ¢tteed lisn f or individual volur
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4. 8Boncl usi on

This chapter has detailed the materials used an
experi ment alt omecthhao dasesttieartdab, e t sheelrinta | behaviour, st
particle size distribution have been described.
propesrutcihesas compress,hamlamd beems wluitd d@ tnieadn The
met hods wused for calcul atingyhhleohahd ackdds s eerngy ,

interlhavteobsesen detail ed.
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CHAPTERVE

Surface -@8andt 8ot ddy and
Mol ecluntagr acti ons of Mef
D-mannit ol usi ng Mol ecu

This chapter presents stulrd arceesatsowd i @nd mmekamuhan
of mefenammanacitdl amdi chg mol ecul ar model |l ing. Tt
mechani calarikrevheawti iogtat ed, bridging theoretical p |

future research.
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Th

t h

al

pr
t h

Surface -8nhdt S8obiddy and Predicti
|l nteractions of Muadrremiatmolc WAgii g &
Mol ecul ar Model ling

I ntroducti on

derstanding pharmaceuti cal cotmptoas nde v edln itshee s
derstanding their physicochemical bul k behavi ¢
endi-fnigl,| idnige and compact iod+stadtae eamd | s warfffeecd epr dp
wders and their cohesive/adhesive nature. 1t i
vestigating them by use of mol ecular model l i ng

this chapt etrs,t atthee, naonlde cswlrafra,c es oplricdpaenrntiiteosl oafr e
edicted. The vapour mor phol ogies are predicte
derstanding of how these admpocurcdh elsad hvaev a nidn afc
ve been predicted. Their mechanic-al abehawnabys
d Burgerdéds vector aidnenwoi fiildatsitormat eThihe ¢ hd ptre

opamtdi dow they I ink to experimental resul ts i1

Mol ecul ar Structure and Descriptors

e mefenamic acid compound ctoheenids tod @f pdoaeagidbo

thyl groups on another phenyl ri nRgigg WlmeF&m ami n

e rest off hathi sarcthaxyleirc acid phenyl ring wild.l
kyl ated phenyl ring wil I-mabnenirteofl e rcroentdp otuen da sc ofimR
rbon backbone gwo Fhisgari ) Thaylllr opxrydvi des a | i st C

op erimeifeesn ami ¢ -mamind tamd dhe mefenamic acid comj

us, it has a heavier -mamhed¢ ol ar( 2vwdi @Bt gt man @&
spectively), which consi st snamfni26 |athams .siWi thhy
nors and acceptors, whi |l st mef enamic acid has

oup) and three hydrogen &romanyalc cexpytpers grmd dmio
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nat ur-marorfi tdo | makes it unsurprising that i1t has
i and,r4e9s piecti vel y. The wmiaxnhydroxmpakegi oupsergf
l'i pophobieflected indi 6%. 1 Ow tbgPovheéuehahd, me f

l ogP valmakbhgb5i 83 ytehrue rlyi phoypdiritd piihco bt tker ef or e cat

Class |1l drug under the Bi BP%Ar maceutics Classif
Met hy
Met hy
Ami ne
r==—=1
I'NHY " O
Phenyl - d |
I ] Car box
I OHIaCId
Pheny
a)

Fi gb6itMol ecul ar structur es eonfa nan)htingeltf leingamti icn @ cmali ra nfdu bg t

Tabb®k List of molecul ar pr-ompeniite$ of mefenamic

Mol ecul ar P/ Mef enamiD-manni
Number of 33 26
Mol ecul ar we 241.29¢ 182. 1]
Hydrogen bo 2 6
Hydrogen bon 3 6
Number of ro 3 5

LogP 5.33 4. 67
Pol ar sur fa 49 121
Mol ecul ar dv 315.9( 199. 1§

5. »olSadt e Properties

Mef enamic acid crystallises in aptritlctaoansi gsrys
mol ecules in its unit celd= 1dde fbidn6ebd; ERL 7j.h6e5 7u nji ,t

U= 11%H=5188001. Z0A, 2 dhd'¢@manmi lol crystallises i

crystal l attice wi22.h la scpaicsd sgrsowpgd dfouRr 2nol ecul
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the unit cell parameters: & = BH0A38bH; Z BOA3anHS8EC

Z' 1% TTabler @vi des astlaitset pafo ptehret isecsl iod each comp

Fi gbRe 3D packing within a uni tmacnenlilt oolf a) mef el

The intermolecular packingi gir3vmefved athogamadt ité @A s
axes. The blue dashes,amaprtensee nrte dh ypda toggretni abl o nhdyi d
mol ecul ar packing viewed down all axes displays
carbonyl oxygen. The carbonyl ,dxoygremgacacne pitnsi nhoy
within the mol ecul eax,Wheoanwi bwvededopwnhhahet be mol
in a way which allows for the formation of symme
vi a OHlelsleH.ar®eh conneedt ednbgr adif acest (Cepresented

l ine) through the ri-flgob6f PRRaegwyl 12 and aromatic
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Fi g68BMol ecul ar packingi ewvedebdkbamgmstaka@papana sc) ¢

The pacinamgpi ofoldvi eweerxkeeswn stihia gar4aenvdhdecr e it ¢ a
seen that the hymarnonxiytlolg rfoouwprs tosdono tdd & i datr teenrt kK & hyé e
hanging/pondst havehbeen omitted f sy OHi OiHa | cl ari
OsHef or mi ng an enclosed rectandgt decon hldic OiIHBEgbEOWe
OH, OoHconnecting three mol ecaxiess. aThhibeoseed ptavead sho a k

types are presentedrFingossee ¢bl early visualised in

A SN W Ve A

(!

Fi gb4#4e Mol ecul armapnanciktionlg voi teeaabdta @é ® n g
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Fi g6bHydrogen bohdmatnynpietsoli n atti ce

Tabl2el ismt summary -9fattheprsoddrdti es @anfanmeB @thta mi ¢

compounds exi st i n Werfiemwmani o layxmar g MA9 fharsmd .hr e e
Il and 111, Form | being tHel%xnaabn nei tMonlec (@b eax ii Nt
in foul, fanrdme, hemi'fy8rBfiel ymomph is the most st a
used in pharmaceutical s.

The data show that mef enamhnamarcn,idn chlacsatai g gthieg h en
enerlgy.er e snmainnngiltyo, | h idegxhteirbietnst hal py and entropy of
stabil imay ntAH @arhodigh mefenamic acid has a higher
to comaaemt t ol into a |iquid, and this occurs at
This higher enthalpy of fusion i sundduenamnaodi tt lod . e X t
Sshiod be noted that the I iterature values-for th
speci-rhdrcni tDo | has a | arger cell volume but a | ar

density than 5nkefgdnadmiglé. Qaes ple ctli.vel y.

95



aci d

Tabsl2e SH1 ade Properties -manmef @einami c
Descripto Mef enami c D-mannito
Ref code XYANATC DMANT Ll ©%9
Pol ymor ph Form | Bet a
Mel ting poi 230 16668
Ent hal py of f 38L97 54 .1%%9
Entropy of f | 7 49° 12 7008
Space gro Pp Pi1212,
Cryst al Sy Triclini Ort hor hoi
Z/| Z6 2/ 1 4/ 1
Cell 1l engt ald b6, &Y, 6¢ad5. DB,. £8,6.
Cell angl U199 .b570,3.09%,. U9 0p9 0,90
Cel |l Mof) um 631. 77 798. 05
Packing coge 0.69 0.75
Density (g 1.26 1.51
5. 3Fkdr-Eieel d and Fractional Charges
Al | i ntermol ecul ar interactiohbelwdr eToaldd thntaehteesd ¢
the crystal structure and t heimanfnicadttiwdsatdhgdc har g
PM7 HamiiliMmOmMA&@&me | TabkBd athd -Fabl e 5

H15

Fi g66.e Numbering of atoms in the mefenamic aci
Tabst3e Fractional Coordinates and Atomic Char ge
At om NUAtomkX coor|Y coor|Z coor{Char
1 O1 0.083 0.34 -0.01¢-0. 4
2 02 -0.003 0.429 0.204-0. 2
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3 N1 .202 0.054 -0.04451-0. 27
4 C1 .17 0.049 0.11Q00. 17
5 c2 .21 -0.087] 0.194-0. 21
6 C3 .188§ -0.084 0.354-0.0
7 Cc4 .119 0.039 0.434-0. 2
8 C5 .07 0.17 0.354-0.0
9 C6 .105 0.178 0.194{-0. 21
10 c7 .061 0.322 0.1140. 3¢
11 C8 . 270G -0.064 -0.1450.06€
12 C9 . 25 -0.304 -0.26(-0. 11
13 C10 .31 -0.41¢ -0.36]-0.1
14 Cl1i .39 0.294 -0.36(-0. 1]
15 Cl2 .414 -0.05§ -0.244-0. 0¢
16 C1l3 . 35¢( 0. 06 -0.134-0.0
17 Cl14 .369 0.316 -0.00¢-0.1
18 C1l5 .502 0.079q -0.237-0. 1%
19 H1 .182 0.169 -0.06¢0. 25
20 H2 .19q -0. 38 -0.2610. 147
21 H3 .30 -0.577 -0.43§0. 172
22 H4 .437 0.371 -0.4310. 11
23 H5 .54 0.172 -0.0910. 08¢
24 H6 .484 0.148 -0.30¢0. 07
25 H7 .542 -0.064 -0.32¢0. 07
26 H8 .442 0.369 0.08¢0. 07
27 H9 .342 0.356 0.1020. 06¢
28 H10 .350 0.377% -0.0840.0¢
29 H11 . 2672 -0.17 0.1390. 17
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30 H12 0.214 -0.18% 0.40Q¢q0. 11
31 H13 0.101 0.038 0.5530. 13
32 H1l4 0.03Qq 0.24£8 0.40]0. 14
33 H15 -0.02¢§ 0.518 0.1390. 24
Fi g&67.e Numbering of atoms in the mef
TabSt4de FraC€Cboodahates and At omi b-m&ha
At om NyUAtom |X coor coor|{Z coor{Char
1 o1 1.07¢ 0.612 0.449-0. 31
2 H1 1. 06 ¢ 0.70 0.4690. 2¢(
3 02 0.558 0.617 0.463-0. 3]
4 H2 0. 41 0.59 0.4570. 2¢(
5 03 0.833 0.277 0.364-0. 314
6 H3 0. 98] 0.29¢ 0.368§0. 2¢
7 04 0.326] 0.289 0.367-0.3
8 H4 0. 38 0.20¢4 0.3540.1¢
9 05 0.613 0.498 0.20(Q¢-0.3
10 H5 0. 76 0.49 0.20930. 2¢(
11 06 0.099 0.497 0.211 0.3
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12 H6 0. 16 4 0.57 0.1940. 1¢
13 C1 0.937 0.501 0.4930.01
14 H7 0.912g 0.538§ 0.549 0.0
14 H8 1.024q 0.401 O0.4950.0¢
16 Cc2 0.689 0.474 0.456] -0.0
17 H9 0.603 0.39¢ 0.48%7 0.0
18 C3 0.711 0.425 0.368-0. 0
19 H10 0.808 0.508 0.3390.0
20 c4 0.466 0.407, 0.328 0. 01
21 H11 0.378 0.508 0.3340. 17
22 C5 0.487 0.373 0.238-0. 0
23 H12 0.579 0.274 O0.23Q0q0. 08¢
24 C6 0.241 0.36(0 0.199 0. 072
25 H13 0.263 0.344 0.1410. 06¢
26 H1l4 0.158 0.269 0.220q0. 1¢
As discussed in Qapetserpo2,enttheal Lemsnarsdked to des

bet ween two molecules based on théa&Blr2 diodteannd ea.l
account for hyd#de@geonmntkeondsal tactbeaen6ing tbdre van

Calmbic ter m:

W - = — - — Equabion

wheAa&nBdescri-beomt omg@amag@trieon,he fractioamjdd char

separ at @d strardoss tthtree di el ectric constant.

Fi gu8per o5vi des a schematic of <calculating the int

mol ecul e, P i s a pomnlde cSulies oau tnmsoil &t utl hee wsiltihcden t he
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\ Latlice

es (hkl)

Fi g68e Schematic of calculating the i-atemmot€ebadar in

5.

3Lattice EnmnéeEpiInevse ragredh c e

The | attice ener gy ¢ o ndviesrpg edyceedtdae n 5nlehf ee nfai ngi ucr ea csi h

ompound full ¥¥3cdmlv e&rcailngnoat and the el2.ex§8rost
cal/ mobh!|l cUlattedce energy was in good agreement
rom the heaB206 &8%8lTihmast isuggest s the Momany for
he strength and nature of the i nRiegugbd edusplkagygy
he percentage of the |l attice energy added with
1. 04 %, 13.14% Oand 611.00 #bdajtl, 60r espectively. The ¢

attice energy staat sl@6oj.cohhergeduantishrel 6f 2per

ncreasing ' i miting caadieusofcomevaeryesstt hneei gihdmoiuf i

stabilisation of the crystal |l attice. These becc

—e— Lattice Energy
40 - —a— Electrostatic b

S
B
=]

)]
S

-35
30

1 Shell 2%Shell | 3Shell
61.04% 13.14% i 1.03%

-30

25
254

20
=20

15

Energy (kcal/mol)

15
10

10 ’

-5 1

u - s 0' v
---------------- 4 8 8 10 12 14 16 18 20 22 24 26

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 Limiti Radi A
imiting Radius
Limiting Radius (A) 9 i

% Contribution to Lattice Energy

FighBa) Lattice energy of mefenamic acid as a functi
calculation, and b) the percentage of added contribut
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The | atti emmnenndrody wafs -3tla 16c8u lkachadl dintoel dbenver gence
i Fi gute@)bds stated earlier, the cumaenttypl aeaakil ¢
pol ymopedhi fic and thus should be considered as
subl i matnaonmniftorl d s2?°48TR6Eé &ahtimated | attice enece
agreembet el ectrostatic3.a8mmerkgyaldanmmMer glelde apger cen
contri buitmomeawsiitnhg | i mi ti Rg g u-a@bjibs , didvishbd hyedt a
coordination shell s. The | attice enermannsittaorlt s

converges at a shorter distance than mefenamic 8

—e— Lattice Energy

-35 4 —=a— Electrostatic 70 1% Shell
a) b) . 62.31%
——— 08— —0—0—0 %
.30 - g 0
e
w !
= -25- / g so0- 2% Shell | 39Shell
S £ 35.62% : 1.83%
E / 5 =
T 20 >
£ ' c
& 15 / ‘%
@ / a
= ™
w10 =
=]
(8]
5 / £
0 b L B S S B B I S S S B B pa |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 4 L] 8 10 12 14 16 18 20 22
Limiting Radius (A) Limiting Radius (A)
Figble a) Lattiomaneneohyasfadfunction of increasing

cal cujaadi b percentage of added contribution to the |

Tabibseumnas it he di spersive and el ectrostatic cont

energi es. It can be seen that me f e n amai ncn,iaascoil d  h a
assumed by its higher mel ting point. Bot;h comp
howedmannit csle moggestiect ceolnetcrtirbout i on to its | att

acid (12.5% and 7.70% r estseantoirwelpy) .arTmiag uire . exp
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Tab35% Rel ative contribution of di spersive and

mannit ol contamatbiatciengnteo gi lesi r
Mef ena |Percentage contri bu
Type acid |[Dmanni Mef enami c D-manni t
Di spersive en| -:30. 61 -27. 8 92. 31 87.85
El ectrostatic -2.55 -3. 85 7.70 12.15
Latti ce( kecneelr/g -:33.16] -31.6 100 100

5. 3R8l1 ative Contributions of the Mol ecul a

TabS%6and Babilet the contributions of the various
dmannitol , respectivel y. I n the mefenamic acid
35% of the lattice ememdyi,ntrefdecthicombeTfdqideetsh erirg,8 ¢
1 anpcdonZri bute most to the overall | dcddmadrcset reanteir e
the dominance of dispersive interactions in the
mol ecul e suggéestecthanalti n-COOtHufencConmnsadugnbobluyp

on the cr,ystal partaoéeianwextiriandiectsymehami sot:r

The fragment emamtnriitbodt ihoanvse obfeedh di vi ded into t
hydroxyl groups. The data shboisa rhoonvg etshte thoy drhoex | I
by both di s ple?r.s9i4v ek ceanle/rngoyl )( a Rd 9el ekcctarl o smtod t)i,c ceo

65.86% to the total | attice energy.

Tab36e Mefenamic acid energetics and percentage
energy

Functioni{Di spersi|Electrost|Total enerd %
Carboxyl -9.54 -2.07 -11.61 35.
Ami ne 1,17 0.114 -1. 03 3.1
Phenyl -8.57 -0.19 -8.73 26 .
Phenyl -6. 86 -0. 31 -7.17 21 .
Met hyl 4. 48 -0.12 4.61 13.

Tabst7e -lbannene®igeti cs and percentage contribution

Functi onal Di spersi VEl ectrost|Tot al %
Al kane baeldg|-9. 9 -0.91 -10. 81 |(34.
Hydroxyl gr|-17.94 -2.94 -20. 88 |65.
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26.33% ) 21.62%

a) b)

Figbite& Percentage contribution of functional groups t
mannit ol

5.3L@dtrinsic Synthon Chemistry

5. 3.Meflenamic acid

The top 6 strongeismagdadd giuvmZRmin®EabyBsthdaorss tdreer ene
values. The strongest Lcaihowmlddatngd bey wteleorn t Avoi @ dtj k
acid groups ah.d9shalkscal /vmmdlu.e lotf i s over 4 kcal gr
B. This high difference in energy relates to th
di merasl so reflected in £2he0hkghl émett (ost)ati geen
This is unsurprising due to t hebopnodlianrg niast unroet osfe
of the ot,hertbgnethange no available polar hydrog
pairs. Synthons B -asitda ©kfaimlgs td oSni mtaht cends bDy, E and

van der Waals interactions.

Tab38Top 6 Intrinsic Synthons Contributing to t
Il nteracting Energy

SyntMulti[DiStEDiSpeEleCtr Tot al Domina

(i) ener ener¢g (kcall intera

A 2 9.08 5. 0914 -2.00 -7.94 h-bond
B 2 6.5 -4.0/4 0.15 -3. 88 ©o
C 2 8. 07 -3.13 -0.16 -3.29 ©
D 4 6.81 -2.0¢ -0.04 2.11 vdw
E 4 7.66 -1.8]1 -0.20 2.07 vdWw
F 4 7.3832 -1.9]7 0.66 -2.01 vdWw
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/ (A)

Figste -EA Si x strongest pairwise intrinsic synthons <c

aci d.

5. 3.Dkma&nni t ol

The 6 strongest g yirn tghut r@asn l8a rsé evdi § wma loirsdeed o f dect
ener Jubi9Syont hon A i s t he st rbommde sitntserna chtoino nnsi th
Hole Ll Gl Lga@ ds-HO L@ t h an i nte5.a&2 i boalviamale. oThi s i
Synt hon B, do-mondste & eHuele@ B Lslwhi ch have an int
val u-é. 0 kcal/ mol . Synt héorond@ i ing ObHals loe@ d mhaat ed
interactidn8®&akgccal bmol . Synt hons D, E and F ar

i nteractions, possedsil@B.g66-hdmad alcet alomhmelnermge £pe off

Tab99% Top 6 I ntrinsic Synthons Contributing to
I nteracting Energy

Syn,[Mul,[i[Dis.taDis.peEIectrTotal Domina

(i) ener energd¢ (kcall intera

A 8 5.54 -4.9¢ -0.83 -5.82 h-bond
B 8 5.44 -3.6 -0. 45 -4. 05 h-bond
C 8 7.8€6 -1.5¢ -0.29 -1. 88 h-bond
D 8 6. 79 -1.0¢8 -0.04 -1.13 vdWw
E 8 8.64 -0.5]17 -0. 09 -0. 66 vdWw
F 8 8.43 -0.4¢ -0. 08 -0.57 vdWw
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D)

Fi g6t8 &)

Si x

5. 3.Hy.d¥ olgemd

A mor e

h-bonds i

n

detail ed

synt hon

®)

strongest

pairwise

anal ysis

anal ysi s

A

of

of

©

)

i ntrinsi emasnynnitthodn s

t h@ahbdr 6 gée atalbe nd s

MA -baor ned isnhgo rstyenrt, h gcaosnmpoafr eldM

1. 814.89j9r2especti vel yc)l.osTehriasp dicnkdti-bcgantgeesn g h ii ® MMA

This is

MA .

T a b58-1e0

further

supported

Anal ybsoinsd oifntlr acti ons

b

y

t he

nteraction

t han

st

i nv allavwd-8a n%ha btlF%ee hSs iy e t h

geometric detaidasceopgt adronA) (dDgntarnidbuti ons have beel
Singétemded oxygen at oman d adlea tbdeedn odxeyngoetne datComs have
COmpouSynthM':'Ib?i”d D-HLLLA g Ja Quit{HLLL|DLLL|DHL /L
Me f e n a A 5 OHLLLJO.24-0.4(0.64% 1.684 2.684 174.
acid OHLLLCO0.24-0.4(0.6% 1.68§ 2.64 174,
OrHol L (0. 2(-0. 310.54 1.86 2.684 164.
A 3 OsHsl L4 (0. 2(-0.3(0.571 1.884 2.73 168.
D-mann i OsHsl L (0. 2(-0.370.57 1.84 2.69 173.
B 5 OgpHyl s (0. 1¢-0.340.57 1.99 2.74 154.
OsHsl L3 (0. 1¢-0.340.54 1.94 2.78 154.
1 OpHil L (0. 2(-0. 370.51 1.93 2.74 166.
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5. &Hurface Properties

5.4Crly st al Mor phol ogy and SurAtede Chemi st

The attachment energy of the mdaphlel i cads byt i m
mor phol ogy iFs gdHvl €hi®a ypea cerdéi veetailoend t hat t he mor phol
faces are {100}, {001} si-He, 1B ndaf@®@1l0Ohredheapp
agreement with previousl|l yY®hepbangdstf ademi mdntmeff a
{100}. This is expected as.i3t0 hkacsalt/hneo Il)o waensdt tahtetr
growing face. The attachment ener-jlieanadf{Q@h@} tthe
the 148g08t lkamalo/. R0l krceasl p/encotli vel y) , refab edhtaitng t
face. The high attachment energies of the cappin
This is further conveyadfiactet BhesiiDearcede @1 Q) af
have the | owest percentage of satisfied interact

(135.57 mJ/ mol ,famrdt h1e2r9 .c7o mfJi/rmmoilng t he fast gr owt

OQut of the top 6 syhobhohge, abthhbhghmeaetcenerghutest
wherastacking of the APhenyl 2begrvounp thethwwodomt
exposed at the surfaxoatrivwateyntohdrhe, {B0dnidd fRce
domi nat e. Synthon E | eaves the r i nganad ds ytnhteh ohny dl
|l eaves t hbeneertihnyg agmdups of APhenyl 20 exposed. S
attacedimermngy dt} tflrece{ 11IThe strongest-" sitnacekriancg i ofn t

APhenVkeatdi€@OHhexposed makitnhge isturdvaeciel abl e for |

this face. The amine group and the ring and meth
A, D and F all -Iclonamd b{ult le@jit ofad ¢heeg {tOHat hydr ogen
domi nating interaction at these faces. FTlyiug ei s

514 whei€C®OHhgroups are-légxpased. fDuet ho Hyntshon,
attachment energy. The rigiggh waet t aalmeémte dnondv swr f a

f aaereefl ected in its higher number of contributi
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Tab3lel The Mor phol ourcfaacleys lonfp oMafaentami ¢ aci d and their: I nterpl anar sy

Percent age Sushfkdge Petrwreanttiaggre (Sur face Area; Surface energiesnd il imdd mz
Energies at each Morphologically I mportant Face
Di spe Tot g Extrinsic Synthon
Crvs % E E % Surpfa El ectros Sur f Attachment and S
Fayc dhk.SurfMultip(k:‘:ta{I (ch|aI Anisot 2 0 SurfaceoHEner
Ar e Fac tal - (mJ%P m 3 Al B|c|Dl|E|F
(mJ? m (md?
{10(13.] 27. 2 6.3( 26.8 81.0 93. 3 3.11 96. 5 (H | (H|(BI (B (BI(SH
{00]6.3 11. ] 2 -12.3 -20.8 62.8 83.3 3.07 86. (8| (H [ (H|(H|CE)(CE)e
{11} 5.9 6.6 2 -16.9 -16.2 48.09 106 . § 2.72 109./ (B [(B] (8| (B]{(B{ (8
{ony/ 6.1 0.6 2 -19.9 -13.1 39.7| 118. ¢ 16. 62 135. (B (8 | (85 |(B)J(E)d ( B
{0 15.4d 3.9 2 20.2 -12.9 39.0] 115. ¢ 14.14 129./(B)J (81 (8B (8B
Average (whole cr yosm@afn Sur f 94. 8 4.009 98. ¢
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Figsté Predicted attachment energy morphol ogy of mefenamic and th
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5. 4. Meflenamic acid Solvent I nteractions
The solvent effects on thaver psteali obs%h Yo n mef
Figur®isdlys morphol ogies of mefenamic acid cryst:

et hanol (EbnOHd)Y ate) (Et OAL) and d) toluene. The s

hexagonal prismatic shape to that predicted fror
rati os. I n al |t hseo | {vleOnt} nfoa cpeh orl eomgdierss t he | ar ges
sl owest gtbowsngotaceorphologically important. TI

exhibit -Imokee npdraphad loovg ias p ewitt h actsikcb compaméd QO ow
Et OAc anadvhiehmenel e &l er ystal s. Et OHhes,ebop® | a
calmot h donate and accept hydrogen. The {100} anc
hydrogen bondi ng, so binding wildl occuramd the
yielding more defined capping faces and crystals
sol vent, thus it can only accept hydrogens. The
similar liynhiobiEgiOwsigvtthhei Et OH i s |e&xop & chtee ¢ atp i nign d &

THF due to itspmodecipondalcawenrt adrsep eodt it ahtei oTLHFI nt «

(¢}

rystals displaaywer mashpdohtaotg wtfo ot hte Et OH cryst al

to THF binding to the 001 and,K sllO®Owifmg etsh e hg roavgth

—

hese f axgersodwsciwred la more equant crystali t heompar
side face ,winlclr dlatesi wegrackwetrh rate faster relative t
should be noted that the SEM images of THF and

observed varied aspect ratios may be due to crys

Crystals obtained fr ont-oEetedAck ed insopT gatya Igad g yEotr @A cb | ha:
t wo oxygens,tihneyi tasr es tweuackt uhryedr ogen acceptors, wi
and a strong di%?p'olCeo nmpeakEeartHvafh gl .THE havsesandd el ect
di pol e sonfo mé&nb 2, 1.63 and 24 .31 cl.coNstraams pamntdi vte
mo me nt ar e di fferent measures of pombar osyg ppiwdh e

pol ari zahbil iathyd afh et hde psodlev emotment measures the p«
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Therefore, fromthbeghi tbeaEtOdAcvamolesul e is sl i
macroscopic solvent is | essprpedlearentctean oT bR ,n df u rot
Toluene is a norm@malnanhbrbalddgiw! eb,i nsdos istt rongly to
where vdW interarcedwai g mid mghiteglrdiwtgh trhae egbser vec

mor phol ogi es.

HaC_-COH Al

Fig6t® Morphology of mefenamic crystals ®Adb) het s@anhaole
137 ¢) et hMIndadet'a®mweé uene

5. 4CR_2y st al Mor phol ogy andna®uwrftaode Chemi st

The computational prediction revmanmsi taol p rwiistnmnat
mor phologically important surfaceiskFi O@WO&he {011
{002} is the |l argest surface with a percentage s
foll owed by {0113Wwhiddhnoa}l ahdveg¢lioOobr facets and

11. 94 %, 5.55% andl ab.lDebs¥s s etstpeesce i svlerlfyaces and t he

(in §j); atstlacchemeennte ragnides (i n kcal / snokll));; ppeerrcceemntte
surface area; surdmd et leemeagxgtireisngiia sanyyrdtm2gn contr
energies at each facet. Upon examination of the

sur ffac®3} amcavie0Othle highesldegreandf 63aBAQrat esep
hit¢glkevel saturated interactions suggest that gro
bonding phbitenits afl srther reflected Onllhé&ical l meér

10. 33 kcal/mol, thus the high morphol ogheawad i mp
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| ower percentage saturation of 39.68% and 28. 82%
for hi gher bonding potential s, thus faster sol t

energi es, 19.11 kcal/ mol and 22.55 kcal/ mol

The synthon contribution at each surface further
face {002} is dominated by al/| eight C, D and E
contribute to the slicd bwneammgdh. i Btyent dothi odCn .i sT hde
hi ghlighted in the5dé&éshHewegeeenthexoverhil guiater
domi nated by vdW interactions. The figure also c

A.

Four B, C, D, E and F synthons contribute to th
remaining four and eight of the A synthons contr

by t-wends highlighted ihne tC es yonrtahnogne idsa sahgeadi nb ohxi.g |

The attachment energy ofi st haa tirdrbguere dc @apppicrogntfrd d
and F synthons and four Q7 abD9ansdy nE hoyn tAh ohnass. tAh
interacti om. 862nek gyl /ool and ibondominnatradct bgnd.h

hi ghlighted in thlkeobduef dakéde@ dpmt hdhei § al so h

Similar to the {101} face, all eight A and F syn
capping face, {110}. Four B, C, and D synthons &

t he second st r4o.n0g5e skid a hmitreertaeceb oloyd ,tiwa elr acti ons hi

orange. This face is -kHdred ochd mi nfaatcien gwiitnht ealalc tti ol
attachment energy, thus it i s,atnlde alse gpgte vmmorumsH o/l o
most wunsaturated. This is further conveyed in it

of the {whO2x}h fhaacse a surface energy of 133.39 mJ/
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Tabd3le2 The Morphological |l-mandmptoalt amnd Sulmhdiaces| mtf erDpl anar spacing

(in
mt &4 kb

Percentage Sushfkdge Peetrwreanttiagre (Sur face Area; Surf@ocetenkbugies (0nA
Energies at each Morphologically I mportant Face
Extrinsic Synthon
Attachment and S
Di spel El ectr
% % Tot al 9
CryStdthSUrfMUItip Eat Es i Ani sot surfa Surfa Enerogy A B C D E F
Face Ar e 4 (kcal|( kcal FactmrEnerzl)og EnerZI):ng (mi3 m
) (mJ)n (mJP m
{002|8.4 14. ¢ -9.14 -22.5 71. 2 119. 1 14. 22 133. 31 (H](H (B (B(Bq (8
- (8181081084108
q - - l
{011|7.¢ 11. ¢ 4 10.3 -21.3 67. 3 122. 14. 68 137.4|(8 (Bl ( B)d ( B ( B) ( B
) | (Br (B N(H
101|5.7 5.5 4 -19. 14 -12.5 39.6{( 152. 1 22.80 175.0
{110(4.¢ 0.0 4 22.5 -9. 17 28. 8] 159. 1 22 . 84 182.5(Et)t((%)/t ((%)/t ((%)/t(a(Eat)t
Average (whole cryossm@abn Surfag 128. 7 16. 36 144.6
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(011)

Figsiteé Predicted attachmemdanreintealgyambrtphhe | owgryf amde dchemi stry of ea
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5. 4.2mannitol Solvent Morphol ogi es

Themanni t ol crystal i's highly soluble in water,

in other or gmamind tsod!| viesntksnowim t o h&paniftortehe di f f
Thef orm i s the most thermodynamically stable for
in pharmaceuti cal drug product s. ;T et shaeiyf fweirleln t
crystalliseUadrnwhfagreenthley .saTee or t M22iP1h owhdi ¥ maiacley
in t-hend het wor k bfommrnmee chhasvisttyr.ronfcheer i nter mol ecul
forms, parbiood| amkr@HiEer mndas t he gmwoouapalnRdhiac sp
|l ower mel ting hpmi nthawnff offdrtlis 6rPhfs This i s describe
bond net wor k-dbmkegwsbehnhnt- owdved agaseinheomd| nadt wor ks
are fouladnff or mBe resubondgdmamnwe ok .h The weaker

form are also related to its weaker stability anr

These differences highlight the i mpaoiratfajpalenadf co
that bftdiem recrystallised i n vari ous -neatnhnaintooll/ wa
pol ymoP pRscrystallisation UfmrmQ0 9%: &t tfanhwlanyi el d
mi xt ur éaoif otrhnes , 90: 10 and 85: 15 yieldbd mbdogt ur
consi stent wabyf otran a st atihnr opuwgrhe a@t ysbahensi g ecn |
solutions can be difficult due to mannitol"'s hig
precipitate out, and someti mes ®wenciystwval meahedy
met hamd yéa&l d crystal sFiod ulag@rilosvi e s p & IE Mdmdamarigietso | o f
obtained from a) hi ghL% bs)ataunrda tce)d aanq uaeqouueso usso | suot i
the anilisB8bvantmet holdiskeyimdrdeholroogd es matching t
Crystals from the aqueous solution display a mo

reflected by both the growth tiimey diumiwgtemrysTlh

pol ar sewurafnancie odf wd | | bind strongltywWedmgermhesiwhe efr
sl ows the growth rate, producing | esnoglevre nfto.d sAst h
mannitol i s imotacwdaroynesolcubylsa al s formed quickly.
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antisol ¢¢nt preci

Asmenti oned in Chapter 4, the chosendPMpH tHa nmd d meo
guantitative differences compared to more compu
advantage is efficiency, enabl iogngustcé&nthabdnd p
framefwomekettimeg ai ms ofAlthiosiglpr ohectssystems studi
agreement with the subl amat iacrudat es hbbné mpnmred i
valuable to compare these results agl@rnytedDFB®BLtC:
energies reported ,foSh iMAh kainbda TDeM ;o0 ahtoxvaewiseerel t he r el
of the three PdllymoagheemértMAwi t balt heeselmis i n
reportedbamati n hehd carboxylic acid di mer was t

they did not explicitly report the absolute | att

Ot her researchers $ameapcompdads®dp’PFdracE &g h&pl and
Hobegxamined a customvaheasetompl @Ged®®nIheay bouhd
thanetuor al or gamimd nad rplp domd ey @ camyprn sne t hghidwse
results very close to .DFTThuswi thF To nil sy garirnomrgldy fdre
is critical, such as in transition met al chemi st
predictionsemWwheireals agpmi oa-sbabkeaseredaahgfandl a
optimisations. The ideal workfl owempomedabds!| fioe

initial screening and then refined by DFT.

115



5. BP-Exci pi ent 1JlPrteedriaccttiioonnsof cohesi vel
l nteractions

The SystSearch simulation calcul ates over 10000
mini mum interaction values which are of most in
most stable and pref er rsedv,e/caocdmtersii bvuet ibnegh ama sotu rt o
analysing slab/ molecule interactions, only the
examiimé® However, by doing so, it is possible t
The distribution of the topT&I00e3d md erlraaycs i bhe
cohesive/adhesive interact-imamniEhelrgoeser ofumet¢ enp

are not edamBkMWt ttoo iMAdiI ¢ aftdea mef eampdmaeitteashpeeicdt | vel y.

I n the top 1 and top 5 strongest i nterDaMtions,
MA> MAMA->D MkD M>MAsDM. Whereas from the top 10 to toc
of decreasing i MAMAADM-MAND M-D BbPMAs-ER. | sThus, the <c
analysis examines the mean top 50 cohesive and ¢

fair midpoint reflecting the influence of both t

Tabsil8The tmpabOOohesivel/ adhesive inter-mabnbhokne

Interac/ M As-M Ap M As-D Mb D Ms-D Mb D Ms-M Ap
. Mean | nt ¢ Mean I nter Mean | nte Mean | nt e
Ranking . : : .
Ener gi € Energi es Energi e Energi e
Top 1 -11. 03 6. 73 8. 21 -11. 23
Top 5 -10. 39 6. 33 -7. 80 -10. 51
Top 10 -10. 07 6. 15 -7. 63 9. 93
Top 50 9. 14 -5. 55 6. 70 8. 74
Top 100 -8. 68 5. 26 6. 32 -8. 26
Top 500 -7.52 -4 .63 5. 36 -7.10
Standar 1.28 0.77 1.07 1.54
devi at i |
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The cohesive/ adhesive energiesmaomi talch dmadet heifr
surface weighted interactions, aFegab@@abdved) t he
respecAsi vieelnyt.i oned above, the int eMAsMA-PDM- ener gi
MA> D Ms-D M>MAssD M. MAsMAsc O hesi on str onMdAs Mchalrhiersd toens wa W €
i nteracti oM. led ekagade/snaolfk,c arle/snpoelct i vel y. The cappi
crystal exhibit thdhdtsrosgeosnshisnceinng wenér ¢gihes Ha
have the highest attachment and surface energie
bi ndimgt he SystSearch predictildn, whkbe wmerghgesdt
overall duhrf dadcdid-eahesi on predicts potential se

Its strong interaction damselddy abwgege $the iott hpre fpari

I n tmMmaennd t ol system, the binding values at each
with | ower standard devDBtDIMcro heesn @ans itshed FWiso |fea
kcal amBVsMA-adhesi on -8o0Wmé4 n &t et ohesi on, the {0

strongest, whil stDMMeadi®lddilonomi nates in
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-12

| MA-MA, a)
10 | - MAS-DMP

Interaction energy (kcal/mol)

{100} {001} {111} {010} {011} S.Wmean

10 - [ |DM-DMg [ 1DM-MA, b)

—_t

Interaction energy (kcal/mol)

24

{002} | {011} | {101} | {110} ‘S.Wmean

Figbt®& The cohesivel/l adhesi vme femmreagii ®@ sancamdnearodt ,if )Jaaddt t d
respective surface weighted interactions, averaged oV

The nature of the two crystals results in;differ
DMsMAri 3. 15 kcal / mdAsDsM.r ofrhgesr itshdm&aehiyt duéstextae
bond network. As expl ai nednamnmi ¢ ddohn ta Begh Hhaoltietnd 8 ar
its facets. | t al so has 14 facets in total, whi
avail abblbbedTmwgsef enami c acid has a highmanmiftfaln, t
andnadnni tol has a |l ower affinity f ewkromditng tshd ef

on hMAcr y.sTthals sugogaéd o snutl Rat oimawinigibomomwe i d or mi ty
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present . d&foowenvuelra,t iiom with excess mefenamjc acid

giving rise to potential segregation as mef enami
Tablledibspl ays the interaction energies at each f
the interaction types contributing to them. The
di spersive andi pgpol&rr5ean emogriee sdeitnai | ed insight in
are driven by. The prediction reveals that t he
interactions, 93.53 %. The polar interactions co
emeyy, where el ectrost athiocn di nitnetrearcatcitoi nosn sa raer e4 .17. 96

the Habit98 prediction, the cappindhomhaceéentkraveta

fromCODPesynt hon.

The MA adhesion is also dominated by vdW intera
8.92 %. The domtdr iabnudt ieolne cafi et at ieldAe-D Nt énraanct i ons
M As-MAp, 4. 92 % and 4.00 % respectivel y. The contr
the capping faces is cl|l oMAsMA n Avahaoeght hbhaot whay
domi navceWntgr acti ons, t3.eds% kacNehsDiMoclrTehaes eMIA bayd h e s i
al so hasbenhdecoimgtti oms compared to the MA cohesio

DM mol ecul e.

Tab5%led The interaction energies at each facet of
interactions, awearysgead over the whol e
M AsM Ap M AsD Mo
Fac| Mul tip| % Surf ac I nteraction Eng Interaction En
vdW| h-bonjel e|totl]vdWhbonjel e/l tot
{10 2 27.06 8.4/, 0.0(-0.3-8.84-5.(C 0.0/-0.(¢Q 5.0
{00 2 11.74 -8.5] 0.0(-0.3-8.94.9¢9 -0.0/-0.3 5.3
{ 1-1} 2 6. 62 -10. -0.0/0.3-10.]6.242 -0.5/-0.3 -7.2
{01 2 3.914 6.7 -1.6/-1.2-9.4-3.¢ -2.0/-0.9 -6.38
{ 01} 2 0. 63 6.4 -1.7/-1.3-9.44-3.4 -2.5/-1.73 -7.2
Mean interaction e
t h% surface area of] 8.5, 0.12,-0.4-9.35.¢q -0.2-0.4 5.5
surfaces
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MA,-MA, MA,-DM,
[ Jdisp. [ Jdisp.
1004 —
o T a) [ poler - b) g colar
c < ]
2 80 2 804
2 2
£ £
S 60 S 60
f=d c
S 2
S 8
E 40 E 40
E E
& 2
20 ° 204
0 0
(1o} {001} {111} {010} {01-1} S.Wmean {100} {001} {11} {010} {01-1}) SWmean

Figb6t@ The cohesion and adhesairbeno@deengi esoofdi mpleensami

energies, at heatcd!l facrefta@aemdwei ghted mean
TabllesdiS5spl ays the interactimmmamnenerd giaensd at beaecahk
interaction types contributing to them. The cofl
di spersive andi p®20r energies in

The DM cohesion predicti on -broenvde a2l 7s. 3v8d W6 caonndt reil beuctt
%. Dispersive and polar interactions have <cl ose
67.60 % and 32.40 % relsipghtliyedgmi Pat@aronntilee agct
t o st rboomgderi nt eracti ons. The DM adhesion has a h
pol ar contribution of 2bdo n7dl i% tcefr awhi omsl1@&@ndl 8%
i nteracect iddimp.erBh ve interactions dominate on al/l
interaction energies on the {101} and {110} face

34.15 % polar, respectively.
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T a b3-1e5

The

i nteraction

@émamrgii teasd da tt heacthot fad c esturd

interacavemaged over the whole crystal
D Ms-D Mb D Ms-M Ap
FacMul tinp % Surfacg I nteracti,onkd&ald | nteracti, nk E&alg
vdWhbon|el e totag vdW|hbonlel e tot
{00 2 14.92 4.( -2.1/-1.2 7.4 -71.2| 0.7|-0.¢ -8. 6
{01 4 11.94 4.4 -1.3/-0.¢ 6.24 6.7 -1.6/-0.9-9.0
{10 4 5.55 3.1 -2.4/12.1 6.71 5.2 -1.9/-0.9-8.2
{11 4 0.05 -3.¢ 2.0/0.¢ 6.5] 5.5 -2.1|-0.17 -8.4
Mean interaction el
t h surface area of|{-3.¢ -1.8/-0.9¢ 6.7(¢ 6.5 -1.4,-0.7-8.7
surfaces
DM,-DM, DM,-MA ,
70 - disp. B [disp.
a) g polar 801 b) B polar
60
5 £
3 504 ,,3_60—
540— §
5 £ 40
5 301 8
© @
%20' fqzm
o10-
0 0
{002} {011} {101} {110} S.Wmean foo2y {011} {101} {110} SWmean
FigbRP® The cohesion and-madhiaslerhanldewer ghtee df sper si ve
energies, at heatcdl facreftaaemdwei ght ed mean
The Systsearch predictions of all four systems
the strength of cohesion and adhesion. DMés stro
all ow it to be a goodmexgyeinegi eyt i nprfovimdilrag | mor

suggested

strong

hi gght s

n

t

he

that a goo

d excipient

shoul d

adhesive interactions for adequate
t he 1 rpexaocritparecnd ofompRalti bility and
early stages of drug formulati on.
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5. frediction of Mechanical Properties

The ®BCticle application within the CCDC Mercur
potenti al slip planes. It scans <crystal structu
slipping. These plaeesi gr)e,abcsre ngdpear at ivoan u(e+ )o fe
pl ane is nhboddedthwsacheads ngSbrob&eea anal ysis o
value for rugosity. The ideal sbompdp, amemelsd w ogto!
and surface energy and a h-Aghrabuset bepysfaat dMak
the plausible slip planes have been ranked in ol
Cal cul ations for AH&d amgdi TPPISHS metrlreodo |l dmodv equa:
4. 3.3. Weighting was assigned to each attribute
i deadpl ahepcharacteristics. The att-bobdt bds eakedd
interdigitation, rugosity and-bownrdf dae a&kn enrgg yw.a sT h

i nto numeri cal val ues, 0O for no and 1 for vyes.

5. 6Mdf enamtSl iaciRIl ane Characterisati on

The values of weacThabaled rSibes e ar € atbdlemaldit had it he

can be assessed in the same di mensi on.

Tabstlée Val ues of attributes in the decision matr.i
surface energy

A;;éjmond bllnterd{ g/Rugosi|Sur fEmee my?
{100 0 1.30 1. 74 96. 51
{001 0 0.68 1. 33 86. 37
{ 01} 1.00 1.06 1.37 135. 57
{01d  1.00 0.90 1. 33 129. 73

Tabstles Nor mali sed values ofnae¢ach attribute in th

A;;é(h-bond birl nterdiRugosi|Sur f ace nBYy
{100C 0.00 0. 64 0.60 0. 42
{001 0.00 0. 34 0. 46 0. 38
{ on} 0. 71 0.52 0. 47 0.59
{01¢( 0. 71 0. 45 0. 46 0.57
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The weighted nopoail i iseed amad uesgamnidve Takil& dean d

The optimum value is the shortest positive Eucl:i
Tab3le8 Wei ghted normalised values and Euclidean
Si The ideal value is the | owest value of each e
At tr | . : .
I:aC(h-bond bnl nterdiRugosi|Surface nBf( Si 4 Si
{10¢( 0.000 0.18¢@ 0. 107 0.030 0.0/0. 3
{001 0.000 0. 0914 0. 07 ¢ 0. 027 0. 0/0. 3
{ o1} 0.339 0.147 0. 08 0.042 0.30.0
{01( 0.339 0.125 0. 07¢ 0.040 0.30.0
The final ranking reveal spihheae{ @01 melbeinmgni theaci

foll owed by the {t@ppi wgthace-4)]96&0} Iapudtaindeli de:

t he ,Wwietakt15. 05 % and 10.35 % respectively.

Tabsled Fi nRll arseé i RadniMiedgnamic acid

Facl% | dRan
{00/100. 1

{10] 79. ] 2
{01 15.( 3
{on) 10.1{ 4

Thepotenti al slipTpbaélkekEsd ahe rFriankédgi mrder dedu

calcul ati ons. It shoulsd-plpesneaoceadd i iphraddédr cheggh h
mor phol ogically important faces, they are not
interplanar spacing, attachment and slice energi

the table. Out d,f {tCile0 J Joauirch p{d Cain & s t-bhodnsdd reseyarkti magn so f
{001}y and {100} do not. The {00tl}r Ugaocsei trya n(kle.d8 8t
interdiOgia8tji)onand surf &c.e Tehnee r{gly0 0(}8 9f.a3c7e nhJa/sm t h e
spacing (13. 23%).,86s lkiccad /empdr)gyan(d hi ghest surface
most topologically rough surface -vi 88 a, rbgobi hi

weighted attributes in the MADM cal culRatgivanes.5 Th
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2lwhere the difference i h h{elu0gOo}si ftac ea nilb e it eea gh yg i

topol ogy of this face makes it |l ess |likely to sl

| stz
Pt Zs P

Figb2tet Mefenamic acid packing of the potentiadl slip r
axis

Both planes are corrugated, but {001} wildl be th
the interface. Whereas the slip in {100} is obst
{010} alntd f{alOcle s, -bmals shersesaiknign gh synt hons, having

percentage satisfaction and highest surface ener

Tabd20 Analysis of t-Plea nRKeesy oPfot Menft @ md miSc i @ci d de
Satisfaction, Rugositwntefdigatat Enar gynd Bggdgregec

Sur f a .
Eatt Es % suri Rugo Il nterdi| hbon
il kcall(kcall satisf (i) E("mejzr;’gm (i) |brea|R2aN
16.3 -12.3 -20. 8 62. 817 1. 33 86. 3] -0. 68 n o 1
13. 6. 30 -26. 8 81. 0( 1. 74 96. 5] -1. 30 no 2
5.8 -20. 2 -12.9 39. 0F 1. 33 129. 7 -0. 90 yes 3
6.1 -19. 9 -13. 1 39. 7% 1. 37 135. 5§ -1. 06 yes 4

5. 6M&f enami&l Dacriedct i on and Slip System

The primitivemefrémrmadmine camiad umeams t hat the short

i, thus a geomdt roifcjaleo TBadgmit s deh¢ preferred dir e
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wi || have the | owest di sl ocation energy. Longer

energi es.

The strongest intermol ecul ar interactions, t hei |
attachment enerTgay 22k &Sypntelsemt A dcomtri butes to tF
{100} and {001} f aced,0ngigpdi aige tihretme rbaod thi st 5,0 nvwgh it
pl anes. This synthon is also in the sanhei kdeilryect i
sl-plpane {001}, satisfying shetWeissndowoetl awnfpdmr
However, the known poor powder properties and
ot het®wi’s?@3EXPeri mental results reported in Chapt
mef enamic acid further. This suggests that me f ¢
cleavage or rough fracture. As tehemossttr dn gkeesty ssyirn
enabl i ngbacsleeda vfargaect ur e of mefenamic acid. Thus,

is brittle and deforms by <c¢cleavage fracture.

mef enamic aci d eirmtiumrdeus tTrhye amdedliicti on coincides

nature and poor processing and compacti on.

Tab32elThe Nat ulthhreee Strongest Il nt er mol acciutl eairr | nt e
Direatdheont ritbwardas Pot enhkilgdl SSlrifpmcRlsane (
] : ‘ Synt hg Synt
Synt '”Tter‘M Disty  strenddire({10|/{00|{on} {01q(
ype Ci) (kcal /| <uvw
h-bond 2 9. 0§ -7.94 <010 Es; Es | Eat ¢ Eatt
o 2 6. 5" -3. 88 <000| Es, Esi Es i Es i
‘o 2 8. 0] -3.29 <100 Eat:| Es Es | Es |

g®22 I ntermol ecul ar packing ofaxnes ,h e nvabma dcie nagec iadl ovni ge wte
10] direction can be seen
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5. 6D-Bann+Sloilp Pl ane Characterisation
The values of each attr rmbuniet aln darmde idtex i s roma Imas
i Mabl22adda b l26r &specti vely. The weighted normali se
| i stTeadb I2em 5
Tabsi2 Values of attributes in the decision matr.i
surface energy

At tr .

I:ac(h—bond bil nterd{ g|lRugosi|Sur f ace nBf

{ 0072 1.00 1.66 1. 44 133.39

{011 1.00 2. 45 1.31 137. 42

{101 1.00 2. 98 1.39 175. 02

{11¢ 1.00 3.03 1.48 182.58
Tabsl2e3 Nor mali sed values of each attribute in th
At tr ] .

I:ac(h-bond brlnterdiRugosi|Surf ace nBf

{0072 0.500 0. 321 0. 511 0.420

{011 0.500 0. 473 0. 46 ¢ 0. 433

{101 0.500 0. 5785 0. 494 0.552

{11¢ 0.500 0. 5885 0. 52¢ 0.576
Tab32ed Wei ghted normalised values and Euclidean
SiThdenal value is the | owest value of each attri
At tri h-b ond .| Rugos . .

Fac e breakiInterdl (1) Surface nBEIfg Si {4 Si

{002 0.240 0.090 0.08 0.029 0.0/0.0

{011 0.240 0.132 0.07 0.030 0.0/0.0

{101 0.240 0.161 0.08 0.039 0.0/0.0

{110 0.240 0.164 0.08 0.040 0.0/0.0
The pot eprtaineel {s010i2p ssltpilpafniee dwitthhe 9i0d. e5all % and i s
Il i kelpy amnlemagnfnid ol . 1t is followed by {011} with ¢

sati-gpfgnéhatideh]

Fi nRIll arce i P& mBinmg t ol

di dnot

T a b52e5
Fac% | dRan
{00 90. 1
{01 44. 2
{10/ 8. 0| 3
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[{11] 0. 0] 4

Tabli2d ibst s

inclbodoadhbr eakninn gaont B thearss irbvoemd8tDw chr k

cleavage

interplanart g agdiersg,

at

any

satis,FfadcRildfMeawmast

s&.P4L®,6 e ktehddj yg/hels t

p eptl emteisa lorf s tdb p

facebaond $ .

i n t

sunfB8¢ I¥ mertgyi s

h e

MADM

-manketdobr d

d i, mesnusci ho ntaH a ti

frankletdo fracler D02 g haf:

percent ageée

nothatvhen gf laat t

rugosi tfy 1v.pllduneg,voer does have the | ovie $Ht6 inretaenri chigg i
interlocking is less |likely to occur aaithashias pl
rugosl.t3yh ojjvevert ranks below {002} in all the ot
b
C {‘ - {\ ..} Slip plane (002) M m w b
% Z } E E M m]:\pplane (011)
Fig628 Pack-magnotollds pdatnelsi lagl f 09Ri}pandaXiOsl1} vi ewe
Tabb26 Analysi s of t Pé a Ke gsmadinti Drotl i adet &liilp ng S
Satisfaction, Rugosity, Surface Energy, Degree
EBatt Es | % sur|Rugo SUIrfaInterdi h-b 0 n ¢
Fac| dhi a S . - En e rog : Ran
(kcal|(kcal|satis (i) (mJ/ n (i) br eak
{00/8.4 -9.12 -22.5 71.2 1.44 133. 1 -1. 66 yes 1
{o01|{7.¢ -10.3 -21.3 67.3| 1.3] 137. 4 2. 45 yes 2
{10/5.272 -19.1 -12.5 39.6 1.3¢ 175. ( -2.98 yes 3
{11(4.¢ -22.5 -9.13 28. 8 1.4¢ 182. 1 -3.03 yes 4
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5. 6D-thanniSloDbprecti on and Slip System

D-mannitol crystallises i n t he primitive orthoi
transl ational viecit®Butrhjesr <du®d®Ot>q9r 5. Ki3t8hb) adFe 6 met r i
i2 The Burgers vector does |ie on the {002} slip
deformation. Examining tmaentiltrode dthreorsg g ntn gseysritt
|l ies oplahessfi0p2} andig{ &lol}t ,hecdantsrliilcee ener gi es.
Synthon B, also |lies on {002} and {011}, contrib

of {011}. The ®&Ai,r «dt0ioeen ofyi rmhoment mreediOO23 pdt @n

fracture as well as the possibility of plastic o
Tab%27 The oNatTulrree e Strongest | n toefd-maon reithtedila r | ni
DireatdheCont ritbwardea Pot enhkilgdl SSlrifppcRlsane (
| . | Synth
Synt Ir.:_terecM D'(?t)‘sy(”ktchaol”/ direcl{ool{o01/{10/{11
yp | < UV W3
h-b o nd| 8 9. 06§ -5.82 <1003 Es Esi | Eatt| Eatt
B h-b o n d| 8 6. 55 4. 05 <1003 Es, B Es B
Eatt Eatt
C h-b o nd| 8 8. 07 -1. 88 <0113 Eatt Esh Esi Esi
Eatt Eatt Eatt
Slig'.plane (002)

]

i gb824 I nter mol ecdintaanrniptaoclk ivnige-aogfd s al-wbhgdiemd &l ong t he
rection can be seen
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I ndéedk@st organic cryspnrilimmameb gnaft ieamdadrso, tb rDdMi ilsre a

by pl ast i ¢5%Hoew eovrenma, t i uonmd M keex divbAdD i p soces s aladilliittyy an

awi dely documented i r2°plhias maoggéstal sbmeepatste
occur ,bydriitvseni nt er mol ecul ar i nteractions.

l'ts exbemsdgdi network enables some | evel of mol ecul
plastic deformati on. As these molecules slightl

Sstructure, enhancing comer bseahkinnagn dbodnodnse faol t| aobwst
for deformation without fracture, i ncriemsti uwmgn c ol

all ows DM to maintain its new compressed shape,

5. CToncl usi ons

This dhhasptexrpl ored t he | nsttratceatien trmeorl aecctuil canrs anedt vse
andmadnni t ol . The comprehensive vwml eowkdmatmodat b
prediction of their laangtuird e cen eTrhgee acsohteirsa myzeh od nodg i «
i nteractions have b eenanrekhaemi memdpoaumdddsB € a k mat idomw

behawisheemnedi ct ed.

The Momany force field successfully pmadinct ed.trfF
Both | attices are dominated by dispersive inte
possessing a |l arger el ebboondiagi cncohericbhuboagl! |
group, coupled with its dispersive energy, coni
compound, the six hydroxyl groups contributed 6
el ectrocditapercsianed energy relative to the rest of
of the | attice energy of the compounds foresha

speci f-baxcmdd,y ithn the anisotrrfpycefi ntheractciryrsd .al

The top 6 intrinsic synthons of both MA and DM
the MA compound, the carboxylic di men. 9vh sk, dale/ mal

antdhhedo o whtshe dominating interaction-bohtdiing 1t Ime M&
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The strongest intrinsi cbosnydast 8@ nkc al DiMolconttahess
t webohndls 06 kcal/ mol) andomnth.e88 hkocall /smolb)o.g B heontel
in the MA synthon was eX plsadisnbeodh dti fhrgo ubgyhn t &h ochest d in
and DM. The anal y-boadseicaseMadtwe hat hamealhl t he D

stronger .

Successful habit predictieodamshiodv adc et hMAo uagnhd altM ao
calculations, revealing which synthons dominate
expl aitrsed f-tieke nlealbdi ed@wd | s ugvpardtd i ntersacThewnvi th
exposed carboxylic acid groups on the capping fa
through hydrogen bonding. This woqilwi rd omo rdphvanl d
of | opvecrt arsati os. ,iFromamn hbe asapyaised why mef en
di fficultieasnd ni tprhoatseossldangnadencky . The crystalli

performed using an anti sol yvyemd cdaure easiiltys fhoirgnm v

not beneficial for processing. The results demo!
change the asptlusratt @i onfngrgessiat ed crystal mor
The cohesive and adhesive interactions between N
and excipient. MA was found to exhibit stronger

DM ext emesmnd endit wor k t haterdarcitvieosn si.t sMAa&dh edsoimi en ainrc!
highlights its tendency to aggl omerate, which ca
extendowdi mg indicates potenti al for i mproved

excipient gaTmedi risiognht i s anal ysi s psrtoavgied e easne aers

i nt oeXA®ilpi ent compatibility and the use of mol ec
The investigation of the mechanical properties
powder characteristics. Both compounds ar e c ha
processability and compact inen pdrae tdtct rdied wtrematti @
itbohd network and density. The i mportanc-e of in
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availability in determining deformation is highl

providing an understanding of the processing and

The findings in this chapter emphasise the i mj
phar maceuti cal science. Researchers and formul a
substance ingredients for enhanced therapeutic e
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CHAPTBRX

| nf |l uence ofStSautrd aecred EBE
Powder Properties on C

This chapter will presenthamacdiesalgisdn gd thahtea ,e satl

andul k powdea nigporw ptehretgioarsmap @atcit o n .
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6l nfluence ofStSatrd aacred Bwllk dPowde
omCompactibility

6. PolStdat e and Stability Characterisat

The powders used -ieacéihvedsmatdgr waerkRéfodmasary mao w
anal yissi si,mpiortant tostthtae aana héets ppiwidietswodihd anal

being conducted on the right polymorphs.

6. 1Ddt ermi nat-Sovatef Sol i d

Mef enami c -mamnind taodnd bbth exist in different polym
three known f or ms, Form 1|, 'l and |1 129%¥D-r m | b €

manni tMJl c@d exi stU,i dnHiaiar hemihy d3*aBPpef pmor ph i s

the most stable form commonly wused in pharmaceut

Fi guaepd6 b) di spl ays the PXRMAanBdothhS G edsautlat,s riensdpi
used sM™MApbeFofm | . The PXRD analysis is in good
and results previoWslgyghaowipog tehlar afivdeéiuieesrtaiadur@e 8

12.700, 16.88U0U, 21.42U0 and 26.240.

The DSC curve of mefenamic acid displays two en
228.73 UC. The two peaks display the transition
Form |1, 2P7e%2ftcutdiiveessl yhave shown that the first e
16Z1729C Tihgsissual |y attributedthe 2B & ahecahtaignngu | raa te
studi edst datee spl operties of commerci al?%®batheh &S Co f
heating rate,awvad \kerpitatcioonrsst aagdtrset hé | f iobsereedot hé
reasoned that the difference was due to varied

di stribution and morphol ogy.
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The DSC cstrhvee eareavretailot ropi c behaviouhr oigMAhe athiu
or corodvienrgsi bly transition from one form to the
a) ‘] b) g
—— CSD reference 193.17°C
10000 —— MA sample
-4
8000 F';
z z
2 E 8
3:3 6000 E
4000 B -12
2000 + 228.73°C
16
o 5 10 15 20 25 30 35 40 45 50 5|0 1 (IJO 1 I50 2(IJD 2%0 360
2° theta Temperature °C
Figeéte a) The Cambridge Crystal Database reference P2
obtained pattern from the c¢omimeesfced md misa mpdied Dgmprlhe L
The PXRD pMWit kFegozae)f 6i s wel | mat ched to the CSD
characteri sfviac upsalks &t 990, 14. 02U, 18. 33U, 23.
pol yméS pThe DGEIi g@beb6éws an endothermic peak at
literatUfriert her confirmi Mt hat t he sample is in
25000 - —
—
20000 - e
—— CSD reference =
2 15000 — DMample g
8 3 8-
8 o
£ %
10000 - E
12 4
5000 - 164.40°C
-16
0+ T T T T T 1
a) 5 b) 50 100 150 200 250 300
Temperature °C
Fi gwPe a) The Cambridge Crystal D antaanbna st eo | r eofveerrepn caey e Rl

obt ained

pattern

from the comimdemacninailt oslanspalnep;l eb) The L
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6. 1Mt eri al Stability

As previousI|Ghanpetnettiho8n esdt aibni | ity and processabildi
can be greatly affected by the environment al f
Generation of heat duri ng psrpoeceeds sci onngp ascttei posn |ciakne
integrity-sohtde handothd over &@F8 ShurnikK apbwderadpoec
absorption of moisture duri ngt ptre cteldesmm@ayt can aff
hydr2d®% elshis can al so caugsge®pabtmagkhvys gmdrhgh op cowgdye r a
adhesi vedkaomgeisnygefl ow and compaction properties.
step in phar mac€elGtAi caanld nbavnSu faarcea ucemmon met hods |
measur€esndbheatd changes by tracking the material'
measures-i hdmceddtyghanges by tracking the materi al
atoncst ant temperature.

The TGA results of MAFI@ag udhe)abadn @éDsMp pacrtei vsehloywn Biort h
di spl ayt eap ocheecomposi tion process, indicating tha
Results show t hagt omelfeecroanpiocs ea-tat d 2&4t5a tAICs t aarntds dt o

at 29btACwithin the pt?évf%usly reported values

12 4 12 4
——— Mefenamic acid [ —— D-mannitol
10 10 +
8 - 8
B
: =)
s 6~ g 64
=4 -
2 )
44 o g
= 4
2 24
o T T T T 1 0 T T T T T 1
0 100 200 300 400 500 b 0 100 200 300 400 500 600
a °
) Temperature °C ) Temperature °C

Fi g68e TGA curves of a) -mmenfnédénneori ¢ acid and b
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I nteraction with water vapour during papbtagke c:
pr opecratuiseisng aggl omeration and caking. Thus, det e
is a vital step in the early development stage o
from a water uptake of up enxpeét att 26t U€06 66 Rbs RUE [

of the Zdmpound

The DVS isotherm aaddeiksi pnledy ggdr4ciumim e oEs WMAt s di sp
i ncriemocsiest ure upt ake, t hen a f9a0s%ReH. iTrhcer & assoet hbeertr
t htatreaj or ity of the water was ev,apohat esch tobfy . 0lDd 3
water retained in the sample. The sammoéeabodr b

water at 90 %RH.

Fi gu5dei sepl ays t he DVS isotherm and kinetic curve
the sorption of water unti |l 70% then a faster i

al most reversible as most of & hme avaulregandinid) eownd [y

0.0016 mg of water in the sampnhnrit dhewavat@.r04u)pH%
Il 1omol es of water in the sampl e.
DVS Isotherm Plot DVS Change In Mass Plot
Sample: Mefenamic acid Sample: Mefenamic acid
——CydelSorp  —m—Cyde 1Desorp ——dm —Target%p/Po
0.02 100.02 100
0.018 W
o 100.015 %
5 0.014
: — 10001 7
%omz ; 6
4
é 2 Z 100005 50 fi\'
é,o,ooa ;"’ W
3 5 100
5 0.006 3
= 90.095 2
0.002 a) ’ b) -
s 10 20 30 40 50 60 70 80 20 100 99.99 T 0
el ) 50 100 %0 200 250

Fige4e a) The DVS tihkebhberom endvée)of mefenamic

136



" Sample: D-manninol |

0.05
0.045
0.04

0.035

0.02

Change In Mass (%) - Ref
e
g8 8
s 3

°
2
>

DVS Isotherm Plot Temp: 25.5°C DVS Change In Mass Plot | temp 2937
Meth 0900 2% Meth 0-93-023C
Wef 419905 Sample D-menndol Mt AL
e (rSe 130D =@ Cye 1 Descrp — — g N

100.05 100

100.04

g
2

100.02

Change In Mass (%)
8
2

RH%

g

RH% Time/mins

Figebe a) The DVS tihkeb h b &t o -neaondnvi bt)oolf d

Both materials display very | ow pPer02edimbagewwhee
t han TMAscomading to the EuUurabpBdowthRitclaa maicopeedi as (
hygr osbcedmigc wi t hi #®.t1Re %r avimg &€FfofabBe®ripsotomer ms of
and their very smal/l percentage moisture uptake
i mpacted by relative humidity. This suggests th

pri mary ochaewseondfadthesi on during drug producti on.

Tab6tltle Cl assification of hygroscopici2x2y as define

Classificat %Water Uptake at 250C
No-mhygroscop 00. 12

SIlightly hyg 0 .-2
Moderately hy 2.-105. 0

Very hygr os( >15.0

6. 2nfluence of Particle Morphology, Si

The results presented in this section discuss hc

compaction behaviour and how they affect each ot
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6. 2Mdr phol ogy and Particle Size

Assessing the powder properties of phar mancgeut i c e
proce3be morphology and particle size distributi
manuf act urcoomisleiqtuyeemadadral i ty of t tda sfciursasleddrr ing Chra

even content wuniformity of narrow particle size

the powmkdamsgy them easier to handle in subisteyuent
of the powders wild.l af fftecus tihrefilruemanisrod | aw i wenl |t
their ability to compact into strong tablets.

SEM i mages of bot h BRpogwéd&Ms6e adt éhhictkoe g dlear obl ong
compared to the MA particles. The surface of th
each other, maki ng ,theuglaraccueb!| apo,eébhemmaduk kry 6
particles are rather columnar aggregates or age
approxinmt eby tbhal kgr garti ccmes|l of comeradN0 the N
t hi nnetrhyers, mdaamade twed |l hexagons of varied aspect raf
mor e el tomigak el aded,i ka&l, movdtt hneedlagppr oxi mate si z
em. It can also be seen that sonmenogor yepab$ amehg
mostly on the {100} f aceThaendt hsidmkep |aamh tetuhree {00f 0 2n}e f se
sugagtelsat the materi al is more brittle and wil!/ I

t han?2°DkP?2 2Phe morphologies of these particles su

compacti onh apndheopfe PEM e s t
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Fi g66.e SEM i mmgeni bbbl dat: a) 100x magnification, b) 3
at: ¢) 100x magnification, d) 300x magnification

The particle size HysthebMaisomrrwagagrdmethsleayeds sipt
showRi g mfae) Gaamdabb)l2eT he MA powders had a ssmze di st
and ¢&nl wd spof atmamd a s.paWwhotf t2h&® DM had a size di
em t o dnaddsg@mf d52. and a .spgdarsef s2.z&s are smaller
SEM i mages marily due to the diffedeménainahgligi
i magds the particles, whil st the PSD, |l aser diff
equival ef® Bamametkes of higher aspect ratios cal
equi val ent di amet er iTrhel avsaeri edi fsfarmgpd tei odni saprea Isyi sc
potenti al reasonhd opowder sv aarn e df esd zierst.,a ntdh ¢ hMa st
1 bar pressmrealkppdwrdany | arger partihel ebsanded
smal l er si?2#Mefiesmtami butaicod has a slightly Il arger

t hamanmni hdl cating greater proearst SMirx@&manairt abdbi
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