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ABSTRACT

The effect of cooling rate on crystallization onset temperature and polymorphic occurrence
in four pure saturated triacylglyceroldétidodecanoate (LLL),trimyristate (MMM),
tripalmitate (PPP) and tristeara(€SS) has been studied using differential scanning

calorimetry (DSC), ani-ray diffraction under constant cooling rates.

In this study, diférential scanning calorimetry (DSC) experiments were conducted to detect
the crystallization onset temperatures under 9 different coolingbategen 2.5C ¢gmin

and 25C éminin arandom sequence. A MATLAB program was developed to automatically
processhe bully DSCdata filesand calculate the onsethich is the first pointhatdeviated

from the heat flow baseline. Tinresolved small and widangleX-ray diffraction (SAXD,
WAXD) measurements at a synchrotron allovlegidentification of polymorphidorms at

the onset temperaturX-ray data were fitted to a Voigt distribution to calculate mass

fractionsa andb'.

By analyzingan abundance of DSC thermograms,irat fonset of crystallization was
observed above the melting point of th@olymorph under 415 C ¢min for LLL and 15

C ¢min for MMM. Double peaks were observed in the DSC exotherms of LLL and MMM
under slow cooling rates. As evidenced by Xieay datg theb' polymorph crystallized
first, followed by the second peag&orrespondingo the formation of the polymorph.

However, this phenomenon was not observed at high cooling rates.

The second onse& (onset) of the heat flow signalas identified byfitting an extended
Avrami (Weibull) modelto the thermogmas. A MATALB program was developed to
process thelatafrom the first onset until the end of the crystallizatidine values of the

eightparametersf the extended Avrami modelereobtained foithe 162 thermograms
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CHAPTER 1. INTRODUCTION

1.1 Hypothesis and Objectives
Crystallization occurs in many faich products, such as margarine aihdcolate During
the initial processing stage of production, the relative rates of nucleation and growth
determine the initial crystal size distribution, whidetermines thdexture and other
characteristicsof the material Isothermal crystallization Babeen extensively studied
because the kinetiparameters dependent demperatureare fixed. Nonrisothermal
crystallization methods however, provide information closer to the actuaddustrial
processig, where the temperatuchangesvith time, usually byfollowing acooling rate.
Theuse of thermal treatments, such as dynamic temperature variations or thermal,thawing
greatly influenceshe crystallization and polymorphic transformation of lipid$ierefore,
theoccurrence of designed polymorphic forms may be controlled and monitored by tailoring
the most efficienttemperature program# very welltknown case is the tempering of
chocolate to obtain form V beta polymorph in cocoa butter.
Triacylglycerolsare composed of fatty acidssterified onto alycerol backbone These
triacylglycerolsform lamellar structures which aggregate inemascopic sze crystallites.
Crystallites interact to formslusters The clusters theform the ft crystal networkshat
provide macroscopic structu@®arangoni& Wesdorp 2013.
To better understand the crystallization behaviour of triacylglycerols undasoibermal
conditions, the objectives of thisesis are
1. Investigate the effect of cooling rate on the polymorpype and onset temperature
of pure saturated triacylglycdsLLL, MMM, PPP SSS)
2. Develop a method to detect the crystallization onset temperature for coexisting

crystall i zabpoymaphieforms).t s ( U,



In this method it is assumed thdiLL can crystallize in onlywo different polymorphic

forms,with no presence of suiodifications. The cooling process results in the nucleation
andgrowthob' c¢crystals, which occurs at a rate t
As the temperature continues to decrease, the liquid material, with outittystals, will
eventually cross the melting point of U. A
nucleation of b' and U in the remaining

favorable to form U than bHDheffamtthhbat emiai

nucleation template.



CHAPTER 2. LITERATURE REVIEW
2.1 Lipids

Lipidsarea groupof organic compoundhat include mostly fatty acids and ster@ad
their derivativesThey aresolublein organicsolvens. Triacylglycerols are composed of
fatty acids esterified onto a glycerol backborEiacylglycerols do not interact
appreciably with waterwhereas polar lipids form hydrated structurébey are a
significantsource of cellular energy and function in liginrganismsTheyalsoprovide
essential fathacid moieies that form the barrier separating the living cell from the
outside world Lipids arestrongly associateto many diseases such as atherosclerosis
andobesity Lipids also play &ital role inpharmaceutical, cosmetics, and foodustry.
They arenot only usedfor their nutritional value but also providgructural and
organoleptic characteristics, which are important in processed food technology.
(Small,1986) Fat and oils area subgoup of ipids, and the terms areften used

interchangeablyOils areusuallyliquid at room temperatunehereadatsaresolid.

Triacylglycerols (TAGs) make up abou®8% of most fats composition,while the
remaining minor components grelar lipidssuch aphospholipids, glycolipids, sterols,
diacylglycerols DAG), monoacylglycerol{MAG), free fatty acidsand other trace
ingredientgBailey & Shahidi,2005).From a nutritional point of viewtriacylglycerols
(often called triglyceridesare lipids of significant importance as they make up 95% of
dietary fat (Barasi, 2003). In addition, there aresfaltible micronutrients in the dittat
mustabsorbed by thbody tissuesthus they neede fat to be delivered’he physical

properties of oils and fats are determined by the composition of triacylglycerols and



directly affect the texture, stability, flavor, aroma, and sensory and visual characteristics

of foods(O'Brien, 2009).

Table 21 TAGs samples used in this research.

Fatty Acid(FA) Chain Length
LLL lauric acid (dodecanoic acid) 12
MMM myristic acid (tetradecanoic acid) 14
PPP palmitic acid (hexadecanoic acid) 16
SSS stearic aciqoctadecanoic acid) 18

TAGs consist of thre€As esterified toa glycerol moleculeTheycan have multiple
components with variations i¥A chain length, branching, saturatioaesterified
positions of FAs, and the existence of double bon@sans or cis). Different
combinations of these FAs form different TAG molecular species, and the TAG

molecular species composition of each oil is unique, forming complex TAG mixtures.

CH,—O—C—R, sn-1

sn-2 R,

CH, O |C R; sn-3

O

Figure2-1 A general structure of saturated triacylglycerol moleculesatieatsterified
by three fatty acids groups. The glycerol carbon atoms are stereasgcifumbered
as sRh2 (center) and st and sk3 (outer)(Zhang et al., 2018)



2.2 Crystallization

The understandig of crystallizationof lipids is indispensablén the manufactureof
productssuch as butter, chocolatasargarine and shorteningy Pharmaceutical and
cosmetics industries rely on crystallization of lipids to provide carrier structures for
many of their productsMoreover,the study offat crystallizationcontributesto the
isolation of specific fat and lipid materials franimalandvegetable oil or fat§Sato,
200]). Controlling TAGs crystallization to get the desired polymorph andize
distribution of the crystalline phasevill lead to adesirable productjuality. The
crystallization behaor, includingphasecompositims, stronglydepend upoimeat and
mass transferconditiors, which will ultimately affect mechanical strengttilow

behavior, and sensory textuyidarangoni& Wesdorp 2013)

i I

-
."I.

R

he<t<h — Il —
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|
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Figure2-2 The gructure hierarchy antthe process otrystallization of TAG Adapted
from Marangoni and Wesdorp (2013).

Crystallizationis a physical eventhat happens through nucleation and crystal growth
When the temgraturedecreasingintil belowthe meltingpoint of TAG then themelt

is under supesaturatedcondition. This also known as undercooling or supercooling,



representthe thermodynamidriving force for a change from liquid to solid (Marangoni
& Wesdorp, 2013). This driving force accumulate to break the energy barrier for
activatingnucleation, molecules in tHiguid statestart to pack upo generatea stable
crystalnucleus After a stable nucleus is formeithe crystal starts the growth phase of
crystallization. Alditional units are rapidly integrated into the lattice, reducing the
driving forceof supersaturatiarnless kinetically constrainedqis growth continues
until the system reaches equilibriuat,which point the driving force for crystallization

decreass to zero and the crystalline phase reaches its maximum v(itanel, 2013)

The structural hierarchy of a crystallized fat is shown in figugdhd describethe
microscopic procedure when the crystallization happEnes formation of stable cores

is followed by orderly assembly into lamelladter which the lamellae are combined to
form crystal nanoplatelets (CNRPs)nd aggregated stacks of CNPs assemble randomly
into crystallitesdistinctive stabl@anaesized crystalliteslevelopdifferent polymorphic
forms according tothe condition During heat and mass transfer, these nanoscale
crystallites aggregate into microstructural components, forming larger clusters until a

macroscopic network of fat is formed

2.2.1 Driving Forcefor Crystallization

There are two types of crystallizing systems in fofasn themelt andfrom asolution.
Puretriacylglycerols (TAGS) are typical melt systemvhich havea constant melting
point. Above this temperature, TAG idiquid, and below it, TAG solidifies (Hartel,
2013).To create a driving force for crystallization, TAGs need to be cooled below the

melting point, and the melt system becamsapersaturated, whidls also known as



undercooling or supercooling under theltmg point (Melin, 2005 Kashchiev,200Q

Kashchiev& van Rosmalen2003.

The fundamental thermodynamic driving force for the crystallizatioa ®AG in a
mixture, TAG(i), is the difference in chemical potential(ofgpsbetween the liquidtate

( &) and solids t a ) ¢Hinfawan,2006)
Y ‘ ‘ (2-1)

A driving forcefor crystallization is illustrated ifigure 2-3 (a) for liquids and (b) for
solutions Tm and Ts correspond to equilibrium conditions in the two phases. The liquid
becomes supercooled when the temperature is reduceg amd the solution phase

becomes supersaturated.

In the case of fats composed of relatively similar components, crystallizatiarsgally
be considered as occurring a pure melting systemNeglecting the differencem
specific heat between liquid and solithe driving forcefor crystallizationcan be

expressed as a function of the degree of undercqdhng

g yo ¥y Yo v
o v

Y (2-2)

Whereee Hi is themelting enthalpy(J/mol), Twi is the melting temperatu&), andT

is the onset temperatufi€) of crystallizationunder isothermal conditi@n



crystal

Chemical Potential

TC Tm
Temperature

Figure 23 The driving force oCrystallizaton (Satq 2018).

2.2.2Nucleation

The nucleation procesargely determines therystal structure and size distribution in
crystallization(Erdemir, 2009) When the system is below the melting point, a phase
transition occurs in a part tfie supercooled melt that is in a metastable state, resulting
in the formation ofnuclei (Hartd, 2001) After the crystal nucleuss formed, other
moleculesn the liquid layein contact with it areontinuously filledwith supersaturated

liquid aroundthe crystal causing it to grow continuous(fBoistelle,1988).

In the regiora few degreesdiow the melting point, the molecdeare in thenetastable
state andstart toaggregateinto small clusters To form astable nucleusflexible
moleculesin the meltmust adopta specific condrmation becausethe energyof

interaction between the moleculesinsufficient to overcome the Brownian effects



(Marangoni& Wesdorp 2013) Undercooling increases as the temperature decreases,
leading to the formation of stable nuclei of a critical sizemAdecules assume lower
energy states in the crystal lattice solidliquid interface is created upon crystal
formation, resulting in a psitive contribution to the free energy of nucleation and a
decrease in chemical potential differenégsbryodarger than the critical size continue

to grow, whilethosesmaller than the critical size magturnto be separatdiquid

molecules (Hartel,2001).

2.2.2.1Nucleation Theories

The process of nucleation can occur in several different ways through primary and
secondary mechanisms. Primary nucleation can occur either homogeneously or
heterogeneously (Lacmaré Mayer, 1999; Hartel, 2001; DominguesQ®5; Mullin,

2001).

Homogeneous nucleation occurs when only biomoledutaractionsbetween TAG
molecules occur without the presence of any foreign particles. Homogeneous nucleation
requires a fat that does not contain any solid substrate or contaminants. Usually, under
high degrees of supercooling, which is about 30°C below the meaiting, TAG

molecules onlynteractwith each other (Rogers, 2008).

Heterogeneous primary nucleation occurs when a foreign surface, such as molecules of
different composition, reduce the free energy required for nucleation, resulting in much
faster nucleatin compared to homogeneous primary nucleation (Sato, 2018).
Heterogeneous nucleation likely results from interactions between solid particles and

supersaturated fluids, although the mechanisms are not fully understood. The ability of



external substances tmtalyze nucleation is generally determined by the degree of
lattice match between the solid surface and the nucleating species crystals. A higher
lattice match increases the likelihood of surfaatalyzed heterogeneous nucleation.
Additionally, it is interesting to note that heterogeneous nucleation sites have an aging
effect on nucleation activity (Mullin, 2001). Multiple nucleation of material under the
same conditions leads to the diffusion of nucleation ability. As a result, controlling lipid

crystalization is challenging due to the variability of heterogeneous nucleation.

Althoughhomogeneous nucleation theorgas partially explairtertain characteristics

of nucleation kineticshnumerousstudies haveshown that nucleation in condensed
systems is @terogeneouswith nuclei forming preferentially at certain interfaces
(Turnbull, 1950).The existing crystals can be broken down into smaller stable nuclei
due to secondary nucleation, which is the formation of a new nucleus in the presence of
alreadyformed crystals(Lawler, 2008) This occurs when microscopic crystalline
elements are detached from the surface of the criidtatel, 2013;Lawler, 2008)
Crystallization driving forces, which are supersaturation or supercooling, affect
secondary nucleatignresulting in the formation of more stable nuclei at higher
supersaturationsCertain circumstances can also result in it occurring under static
conditions. The formation of secondary nuclei may occur in lipid systems due to the
dissipation of heat and/thie concentration of species that are not crystallizing in certain
regions of the lipid crystal. Some nucleation in emulsions is also influenced by
secondary nucleation, as well as bulk solution seeding in some cases, such as when

tempering chocolate. Haver, the exact mechanisms are unc{baatin, 2001)
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In classical nucleation theory, homogeneous primary nucleation occurs without external
assistancef acrystal lattice. The formation of a stable nucleus requires the passage of

a freeenergy barrier. Based on the thermodynamic description by Gibbs in the 19th
century, cluster formation requires a free energy change equal to the total of the phase
transfomat i on fr ee eJaad thewsurfach farmaien fréeaeri@rgy change

( e®3Erdemir,2009) Cr yst al surface fr egpancrelated gy i s
to the surface are&d) and interfacial tensiorg) between the crystal and the surrougdin

liqud.Sur f ace free energy, &Gs:
Yo Y (2-7)

Vol ume f r ee e n)duriggyphasehransfgrraation @reert@gative since heat
is released by transforming from the liquid state to the solid state and is proportional to

volume {e¢) (Metin & Hartel, 2005).

Therefore, cluster growth dependwsandman t he ¢
i ncr eas Atsmah radseses, the positive surface free energy dominates, which

leads to an increase in the total free energy ch@rigare2-3).

.. YO Y'Y, (2-8)
YO — W
Yw

Whereee k¢ is the molar enthalpy of fusigrel is the undercoolingVm is the molar

volume.

During nucleation, free energy reaches a maximum at the critical nucleg)siee

minimum size for a stableucleus(Figure 24). Clusters of molecules larger than this

11



critical size form stable nuclei that are able to irreversibly grow to large crystals, whereas

clusters of molecules smaller than this critical size could decay into liquid.

The Gibbs free energghanges as a solid embryo form in the simple case of a pure

substance and homogeneous nucleation in ligadbe address as

o o .. YO YV, . (2-9)

Where \t and S are the volume and surface, respectively, of the formed embryo.

Surface Free Energy

Free energy (AG)

WVolume Free Energy \
AG,

Figure 24 Free energy diagram for nucleationclassical nucleation theo(rdemir,
2009) (Permission is granted

Recent experimental and theoretical studies have shown thatstemechanism can

be applied to both macromolecules and small organic molecules, suggesting that this
mechanism accounts for the majority of crystallization from solutions (Erdemir, 2009).
In the twostep model proposed, there is a prenucleasiagewherein clusters of

sufficient size form first, then the cluster is reorganized into an ordered structure. This

12



also incorporates both monomeric and polymeric growth units during the transtorma

from clusters to crystal nuclgiKashchiev, 2000Erdemir, 200%.

2.2.2.2 NucleationRate

As mentioned beforegh e Gi bbs free energy ondmcdnbdeanoge n e
expressed asthe sum of the decrease of free energy per unit volume reiatdee

enthalpyof fusion T g and the increase of thetal surface energy depends on

interfacial energy and total surfaoé the crystal g G. Assumingthat thenuclei are

sphericaland substituing the radius (r) into thevolume (V) and surface (S}he

expression ofhe Gibbs energy carelwritten as:

o YO Y, _IYO Y'Y ‘ (2-10
YO —® Y —— il T
Yw oYw

When r reaches the critical siZer t he Gi b b s honfhaiseeachesl maximgny oG

P Gom At this point, thed e r i v a tndn/dre= 0,dhusp G

(040 YO G (2-112)
I | Tt
a Y
Therefore
e
YO

Substituted* in the equation:
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o por poProw “r (2-12)
oYO oYO; YY

tis wusually hypothesized t hod,ta cluster siza spec
distribution follows the Boltzmann distributioitherefore thus thenumberdensity of

the critical size clusters ¢ ) can be expressed:as

y - (2-13)

(0] 0 Q
WhereNm the number of molecules penitivolume, and kis the Boltzmann constant
(=1.38x10%3JK).

Clusters caronly form stable crystals above the critical siZdwus the frequency of
nucleus formationwhich is the nucleation ratghom), is proportional tothe number

density of the critical size clustesom .

As a function of crystallization temperature T:

6 QY Y (2-14)
Q

Where N, is Avogadro constants 6.02210?¥/mol), kp is the Boltzmann constant (=

1.38102%J/K), hpi s Pl anc K=56$62640*¥3.t ant

However, nucleation is also hindered by the requirement that molecules diffuse to the
nucleus's site and adopt the proper conformation to its surféeediffusion term

indicates that as the melt or solution becomes more viscous, its diffusivity de@keases
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lower temperaturesThis cnfiguration barriercan be included in the terin qp&”

(Himawan, 206).

(2-15)

2.2.23 Induction time

Nucleation theory states thatcéuster size distributionmust be established before
nucleation can occuoy clusters of the critical siz&n induction time( i\Js required to
build such alustersize distributionlt is possible to describe the cry$tadtion process
under i sot her ma,lwhiahie defihédasth® amsunttoftime ittiakes for

the first solid nuclei to emerge aédetunder the influence of the thermal driving force.

The induction time is proportional the differencebetween the melting temperature
(Tm) and the onset crystallization temperatuinde), which is the degree of
supersaturation (solution) or subcooling or undercooling (mdlygngoni, 2018)The

theoretical homogeneousheterogeneous nucleation rate donsidered reciprocally

proportional to the induction timei)in many nucleation studig¢slimawan, 2006).

P (2-16)

Where J is the nucleation rate under isothermal conditl@induction time.
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2.2.24 Nonrisothermal Nucleation

In the isothermal model, the experimental temperature drops instantaneously from the
melting temperature to the set crystallization temperature, and the temperature is kept
constant throughout therystallizationprocessas illustrated in Figure-2 (a) It is also
assumedhat crystallization occurs only when the crystallization temperature is reached.
This model is suitable for studying systems that are not limited by heat tramséaity,

the heat conduction is limited, and the system in the expeticaronly graduallyreach

the setemperaturgnotinstantaneoushas illustrated in Figure-2 (b). These cases are
called near isothermalhich canstill be considered as being performed in the
isothermalkcondition however time zero should corresyl to the time when the system

temperature reachélse settemperature.

Commercially produced materials crystallize under-isothermal conditions and the
temperature varieduring the crystallizationas illustrated in Figure-2 (c). Heat and
mass transfer conditionsletermine the rate of nucleation and growtlf the
crystdlization. Nucleatiorrate in particulat stronglydeterminathe polymorphic forma
andthe crystal size distributioof these materialavhich will eventually impact their
mechanical strength, flow behavior, and sengwoperties(Sato,2001; Hartel 2001,
Herrerg 2000. Therefore, it is essential to establish theoretical tools to model the
nucleation behavior of these complex organic mixtures undeisotimermal conditions

(Marangoni, 2005)
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Figure 25 Temperatur¢ime profile under isthermal(a), neaisothermal (b), and nen
isothermal(cMarangoni, 2008&; 200®) (Permission is grantgd

As shown in figure2-5, under nortisothermal conditios since the temperature
decreasesver time, the driving force for nucleation is no longerdtiierence between
a naly-Tseh Rathem ét listai timey
dependent quantity so that the driving force for nucleation (subcooling) varies with the

time it takes for the system to dodown from the melting tempetare to the set

t emp ¢



temperatur e, . e., T varies over ti me

composition.

Undernonisothermal conditions, theonceps of induction time and undercoolirage
different from that of isothermal conditionBwo possibleways to model this process

are described as follows:

First, as proposed by Marangoni in BOall parameters need to be redefined amew
parametershould be added, thgupercoolingtime exposurgb?) indicating thenon

isothermal crystallizatiofMarargoni et al., 2006a)

P

I =8'voa (&17)
C

Where T is the crystallization temperate where the first nuclei appealmFTec.

Define a linear coolingateas:

yy v oy (2-18)
%o Tz
Y 0 M

Substituting thex in Equation 217:

3"y (2-19)

C %o

According tothe work of Marangongét al. (2006)the nucleation rate of fat systems is

related to the supercoolifigne exposure as follows:
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0 x - = — (2_20)
0

Where Jdaxis the maxnum nucleation rate.

The second method to model the asothermal nucleation is proposed hyr oesearch

team(Al-Qatamj 2023)

2.2.3Crystal Growth

After the formation of nuclei, they grow by absorbing other TAG moledutes the
liquid phaseA TAG moleculecan be incorporated inn existing crystdattice if the
molecule has the right conformation at the proper location. According to their
conformation, moleculeseakly attached to the crystal latticeay either integrate into
the crystal lattice or return to the supersaturétpdd. Growth will continue as long as
thereis a driving force for crystallizatiorhe growth of crystals stopghenthe solid

and liquid have reached phasequilibrium, or the material is solidifiecompletely

(Hartel, 2001)

There arghree kinetic processekiring crystal growth: transportation, incorporation

and latent heat removgdato,2018).Molecular rearrangement and reorientation happen

at the crystal surfacdtar molecules migrate from the liquid phase. As a result of the
concentration gradient of the surrounding enwinent, the crystal is in a growth
promoting state and growth units are transferred to its surface. Depending on the degree
of supersaturation, different amounts of growth units withéhto the surface of the

crystal. The higher the degree of supersaitumathe more growth units will kettached
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A growth unit will diffuse on the surface after reaching the surface and will either
become a part of the crystal once it reaches airdeparate from.iDue to the need
to transport the growth unit from tiselution to the kink site, the rate of crystal growth

in solution can be limited kinetically.

An incorporation occurs at the kink site of a crystal when growth units become part of
it. There are several factors that affect this process, including deiskink site,
temperature, growth unit conformation. To be incorporated into a crystal, a growth unit
must possess the correct conformation to match all the other molecules in the crystal.
At that point, leatis released during crystal growtballed latent heat. The local
temperature near the growing surface increases when latent heat is released from the
crystal surface, which decreases supercooling and supersaturation. The growth rate of
crystals is reduced as a result. To maintain a constant groeilmaér these conditions,

it is necessaryo removethis latent heatThe Avramimodel is discussed in the section

2-5.

2.3 Polymorphism
Polymorphism of fat crystalarises from thalifferent spaial relationshipsbetween
molecular structureshichthen determinenorphological characteristicSinall, 1986.
Polymorphic modifications of fats determine the melting and solidification behaviors,
and formation of fat crystals in bulk and emulsion sté®e$,1999) Molecules iteract
with each other and pack efficiently iridow energyconfigurationand arrangement in
the crystalline state (Sato, 2005)ipid crystals can have different molecular
configuratiors. This is called polymorphsm, which determinegheir density, melting

points melting enthalpy, specific heatanocrystal sizes
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2.3.1Polymorphic Types and StMell Structures

There arehireerelationships thadescribe the structure of the TAG molecules crystal

subcell structureglycerol backboneonformation and chain length structuelbcell
structures are defined as the lateral packing mode of zigzag hydrocarbon chains, used to
determine molecular packingipids have morghannine types of subcell structures
Figure2-6 depicts three typicadubcell structures. Subcell structures of thp,'andb

forms are hexagonal (H), orthorhombic perpendicular (O//), and triclinic parallel (T//).

Orthorhombic
Hexagonal  perpendicular (O,)

(H)

O~O
O
OOO

a-form B’ -form

Figure 26 Typicalsubcell structures of TAG polymorphs (Sato, 2005).

The rexagonal subcell structufdl) of the Uform hasloose chain packinghich allows

the rotation of the carbon atom%his resuls in disordered hydrocarbon chain
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conformations which caudessof spedfic chain-chain interactionsThe b form has a
orthorhombic perpendicular subceBtructure (Q). This has rectangular twe
dimensional lattices that are tightly packed and engaged in specific-atteam
interactions. e fticlinic parallel subcell structure () of b has an oblique two

dimensional lattice and features tightly packed chains.

As the top part of |gure 27 shows, gbcell parameters of hexagonal, orthorhombic
perpendicular antticlinic parallelform planes that arat 0.41nmfwo at 0.37 nm and
0.41 nm, and 0.46 nm and week patterns at 0.39 nm and 0.38 nm, respethigssy.
crystallographic planegenerate characterisiide-angle XRD patternthat allow thé

identification.

(a) (b) (c)
Figure 27 Spatial projections ofther y st al | i ne forms& U, b ' an
Wesdorp 2013).

In TAG crystals, hydrocarbon chains are packed alongasiscin a unit lamellar
structureas shown in the bottom of Figure’20ne subl ayer made up of
acid chain is called a leafl&@ AGs in the crystal latticean have chairlike oratuning
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fork-like configuration whictarecharacterized by the directionthiethree acyl chains.
Furthermore, aTAG can bearrangedeither in a double orin a triple chairlength
structure. In a dable chairlength(DCL) structure, TAG pairs contain overlapping fatty
acids. However, in a triple chalangth (TCL)structure, there is no overlgpiartel,
2001) Small angleX-ray diffraction patternsareusedto identify theselong spacings
The combination 08AXD and WAXD analysis is used to identify the crystal strugture

hence the polymorphic form.

2.32 Thermaleventsassociated witlpolymorphictransitions

The Gibbs energglifference between a liquid and the crystathefpolymorphic forns

illustrate their thermodynamic stabilityolymorphic forms with higher Gibbs value are

less stable anikading to dower meltingpoint Hence as Figure2-8a showsthe least

dense packing U form ehewgythwal hé ghedt miGd d
f or m, and s nianh Themeltingfpants intréase sdyuentiallyn@< Tmo Nj

< Tmp. It is primarily due to polymorphs with higher melting temperaturssatagher

heat of fusion.

Polymorphism in lipids isnorotropic (Figure 28b), all the polymorpk can form
directly from themelt, yettheunstable forms with lower energgn only transfornmto

more stable form

The rate of polymorphic transformation is determined by the length of the fatty acid
Thelonger the fatty acid chain, the slemthe polymorphs argansformed$ato, 200k
When a liquid fat is rapidly cooled, tt#polymorphusuallyforms first, but it quickly

transforms intothe i t h e rfornb dije to its ingiability. Although the Njlyrmooph
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may persist for days, in most fats, it will eventually transform intobtipelymorph,

which is usually the most stabldowever,polymorphic transformatiodepends on the

molecular structure of thmateria] andthetime and temperature profiggplied on the

material. For som&AGs,i t can stay in bN pol ystamber ph f o1

environment.

liquid

,,,,,,,,,,,,,,,,,
- e

(b)

Figure 28 Monatropic Polymorphism of TAG§Sato, 2001 (Permission is granted

233Pol ymor ph Dependent Nucleation Kinetics

Researchers have investigated a range of knowledge domains to manipulate the physical
characteristics of fats subsequent to crystallizafldtreseareasinclude understanding

the molecular and crystal structures faits, the impact of external factors on
transformation mechanisms, the formation mechanisms of fat crystal networks, and the
rheological and texture properties of fats. The external fatttataffect crystallization

can be categorized as dynamic tempegatariation, additives, shear, ultrasonication,

and emulsificatior{Sato et al. 2013Bmithet al.(2022 describechow additives such

as lecithin can modify the crystal structures of fats, while ultrasonic treatment can
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enhance the plasticity and spreaallity of fats(Rigolle et al., 2015 2016 Uenoet
al., 2003 Martini et al.,2008. Shear(Mazzantiet al.,2003; 201}, emulsification

(Arirna, 2007; 2009) and dynamic temperature variatfoR Narine, 2010a, 2010b;
Campos et al., 2002.; Cebula & Smith, 1991; Martinalet 2001; Yoshikawa et al.,
2015)canbe used aghe methodto modify the physicaproperties of fats for various

applications.

Dynamic thermal treatments, such as cooling and heating at specifjcdedézmindghe
proportion and presece of the polymorphic forms of TAG, as well as the
transformation betweempolymorphs Studies have been conducted on the kinetic
processes associated with lipid crystallization mechanisms when subjected to different
cooling rates. These investigations wemagried out to better understand how the
crystallization behavior of lipid systems can be managed under both isothermal and non

isothermal condition@Marangni, 2006; Maiini et al 2002;Bouzidi & Narine, 2010

According tothe Ostwald step rulen the crystallization of different polymorphic forms
theformation ofmetastabl@olymorplis happendirstly, followedby transfornationinto
more stable forms (Ostwald 1987his can beexplainedby the fact that the energy
barrier of metastable forsris lower and easier to crosisan thebarrier of thestable

forms.

However,studiesof polymorphic forms and nucleation effects at different cooling and
heating rateshowthat, as cooling rates for liquid decreasedystalsdirectly formed
into more stable formshis competitive polymorphic crystallizatioseemso violate

the Ostwald ruldBay ®s Gar c 2 a eas shawn in Figul®@.1 3 ; 2015)
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Figure 2-9 Rates of nucleatioaf polymorphicformsU p & n dof TAGs urder
different cooling rate¢Sato, 2018

2.4 Experimental Methods for Investigating FatCrystallization

2.4.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a powerful analytical technique used to
investigate thehermal properties of materials by measuring the rate of heat flow while
the sample is heatedooled or kept isothermallhe sample absorbs or releases heat as
it is responds to the temperature and time profiléhe DSC cell. From the thermal
behaviorof the material, it is possible to determitssspecific heat, enthalpgndphase
transition temperature3 here are two main types of DSC instruments:-HaatDSC

and powercompensation DSC. Heflux DSC measures the temperature difference

between tk sample and the reference using two separate thermocouples, one in each
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cell. As the temperature is ramped up or down, the difference in temperature between
the sample and reference is recorded and plotted as a function of time or temperature.
This type & plot is called DSC thermograrRowercompensation DSC, also known as
heatbalance DSC, operates on the principle of compensation of thermal effects. In this
type of DSC, the temperature of the sample and reference is kept the same by adjusting
the heatig power applied to the sample and reference cells. The amount of power
required to maintain the same temperature in both cells is measured and plotted as a

function of time or temperature.

Many industries, such as matesiatcience, pharmaceuticals, food science, and
biotechnology, commonly use DSC for exploring the thermal stability, phase transitions,
and other thermal characteristics of materials. For example, the endothermic peak
detected in a thermogram through DSC espnts the heat absorbed during the shift
from solid to liquid states. This feature helps in determining the melting point of
materials. DSC can also be utilized for measuring various thermal transitions like the
alterations seen in heat capacity, enthalpyd entropy. The measurement of heat
capacity involves calculating the slope of a thermogram at a figrating or cooling

ratg or an oscillatorytemperature profile. thalpy changeare assessed through the

area undethe pealsin a DSC thermogram.

Several variants of DSC have been developed to meet specific needs. For example,
modulated DSC (MDSC) applies a small sinusoidal temperature modulation to the
sample and referencells andanalyzes the response of the system to obtain information

about tle kinetics and reversibility of thermal transitiof®yamala, 201,8Reading,
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2006) High-pressure DSC is used to study materials under-prghsure conditions,

andmicro-DSCis used to analyze very small samples.
2.4.1.1 Heat fluwDifferential Scanning Calorimetry

During the same thermal treatmedgat flux differential scanning calorimetnyeasures

the temperature difference between a sample and a reference mdtknmh common

thermal enclosurélhat thermal enclosure is tBSC cell.This temperature difference is

used to calculate the amount of heat absorbed or released by the sample relative to the
reference material, and to construct a thermogram of the sample's thermal b@tinevior.
measuredsignal ¢il is converted to a hedtow rate using a temperature dependent

proportionality factor

)

) Y (2-21)
n R

<

Differential temperature sensors are constructed using different materials and geometry,
which determines the proportionality factor K(Tlathematical models are used to
determine the relationships between temperatures and heat flow. Heat flow measurements
are analyzed based on the lump heat capacity method in which thermal resistances and
heat capacities are used to represent a thermahsyshe diagram presented in Figure 1
represents a circuit that can be utilized to demonstrate the measurement of heat flow in a
DSC. The calorimeter comprises a thermal resistance and a heat capacity, and each
calorimeter is designated with the subscrijgtsor 'r' to distinguish the sample and
reference calorimeters. The temperatures of the sample and reference calorimeters are
denoted by Tand T, respectively, while d represents the temperature of the DSC
enclosureThe measured heat flovier the sample and referenaee g, q.
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Figure 210 Heat flowmeasuremennodel of heat fix DSC(Danley, 2003
The heaflow equation giving the difference between Haenple andeference heat

flows:
Y

vy, PP . . Y, YY (2-22)
YY'Y'Y 0O 0 s— 0 ==

<%

The first termrepresents thprincipal heat flow(conventional heat flow}the imbalance

in thermal resistance and heat capacities between sample and reference calorimeters are
the second and third terms, respectivélye fourthterm is the difference of the heating

rate between théhermometer of the sample and refereridee value of thethermal
resistancehermal resistancandheat capacitands calculated in the process TéerdE

calibration(Danley, 2003)

In the calibration procedure, two identical constant heating rate experiments are
conducted with an empty furnacesti, and a pair of sapphire disks without pans at the
sample and reference positions is performed next. The curves should be smooth and

continuous. Resistance values should decrease with temperature as capacitance values
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increaseOften, howeverthe two sdes are not exactly the sammedfurther adjustment

is required.

Thermalcontactresistance is the barrier to the heat flow of heat across the interface
between twosolid surfaces. There is a limited direct contact between two mating
surfaces as a result of imperfectiomsperfect (noAntimate) contact between pan and

sensor causes lag in heat flow which decreases the resolution.

Reference Pan

Sample Pan

Dynamic Sample Chamber

Thermoelectric Disc

{Constantan)

Gas Purge Inlet
|_-

Thermocouple
Junction

Figure2-11 Heat Flux DSC Cell Schemat(Danley, 2003)

2.4.2X-ray diffraction

X-ray diffraction (XRD) is one of the most commonly useethod to study the
crystallization of a wide range of materiak:rays are diffracted by crystalline solids
because their wavelengths are comparable to atomic spabmgrrangement of atoms
scattersX-rays in different directions, and the scattered waves interfere with each other

to create a diffraction pattern. A diffrion pattern is a series of points or peaks, each
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peakproduced by specific set of planes within the crystal lattice. When waves interfere
with each other, diffraction occurs. A wave's intensity is enhanced if its amplitudes are
in phase; if they are owf phase, their intensity is decreas&dimilar wavelength and
periodicity of crystals can produce diffraction effects when waves interact with them.
Thisinterference occuras sharp peakshen the atomic structure of the solid is ordered.
There is astrong correlation between diffraction patterns and periodic atomic structures
in materials. Diffractionat low angless caused by periodicities with long repeated
distances, whereas diffraction at high angles is caused by periodicitiesheith

repeagddistances

The position of the diffraction peak determines the shape and size of the unit cell, while
the intensity of the diffraction peak determines the position and number of atoms within
the cell With atoms having diameters of the order of Angstroms (1 A'2°10), unit

cells have dimensions of severa($tanjek & Hausler, 2004)

Like all electromagnetic waveX-rays have a wavelength and a frequency, related by

the equation:

® (2-23)

where & is the wavelength, 3 i Xragklaee fr equ
very short wavelengths (typically on the order of 0.1 to 1.0 nm), and very high

frequencies (typically in the range of'$@ 10° Hz).

In crystals, monochromatiX-rays interact with layers of atoms/molecules and

producediffraction patterngdetermined byhe arrangement of atoms. Molecular layers
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in TAG crystals are segmented into characteristic distances cadlegicthggFigure 2

6, 27), which are characteristic of periodic layer arrangesent

Bragg's law describes the conditions for constructive interference of scatiessd

from adjacent crystal lattice planes, resulting in strong diffraction peaks. The angle of
incidence and weaelength are typically fixed ixX-ray diffraction experiments. The

crystal structure can be determined from the pattern of diffraction peaks and peak
intensitiesas a function of scattering anglene spacing between crystal lattice planes
canthenbe calculated using Bragg's law. Bragg's law can be mathematically expressed

as the condition that the path difference betweenXtnays scattered from adjacent
crystal |l attice planes is equal to an int

the position of each diffraction spot in the pattern.

¢ _ CQOEF (2-24)

where o i s t h &-raysaséeé spaciggtbatweerf crydtahladtice planes,
d is the angl X-ragheam, anadnisdeinteger that feprasdnts thex ord
of diffraction. This equation can be derived from the principle of constructive
interference, which states that waves that are in phase will interfere constructively and
produce a bright spot, while waves that are out of phase will interfere destsuatide

produce a dark spot.
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Figure 212 X-ray diffraction patterrSchematicwheren &= = A B {AB(@meh,2
2019)

The intensity ofX-rays that is scattered by a given sample must be measured as a
function of t heo obtairathetfulldiffiactian padterrgdf the c&sfal
Thescattering vector,gvhich is independeritom thewavelengthjs defined as

. G (2-26)
=
Therefore, e relatioship ketweenscateringangldg2d) andscattering vector(q):

™ OB+ (2-25)
€ _

2.4.2.1 Time resolved synchrotreadiationX-ray diffraction (SRXRD)

A synchrotronX-ray is anX-ray produced by a synchrotrdacility, which is a large
particle accelerator that generates highly intense and bright beagtectwbmagnetic
radiation A map of beamliness shown in Figure2-11. SynchrotronX-rays are highly
advantageous in comparison to otberay sources due to their increased brightness,

tunability, and narrow bandwidth, which enables their utilizationanous scientific
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applications, including matermilscience, biology, and chemistrAs high energy
electrons circulate around a synchrotron's storage ring aligkaspeeds, they emit
electromagnetic radiation, whigh focused and directed towards g#es for various

scientific investigations.
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Research on fat crystallization using synchrotrofra)s hasextensively studied

polymorphism and polymorphic transformatipas well as in modeling crystal growth
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kinetics (BayésGarcia et al., 2011a, 2011b, 2013; Kellens et al., 1990; Kovalev &
Ponomarev, 2019; Minato et al., 1997; Minato et al., 1996a, 1996birivge et al.,

2014) This is because synchrotrofrrays have several unique properties that make
them weltsuited for studying the molecular structure of materials at the nanoscale,
including fats and oilsOne of the primary advantages of synchrotkerays is their

ability to produce highly intense and focused beamé-adys, which allows for precise
measurements and analyses of the molecular structure of materials. This can be
particularly useful for studying the crystallization process of fats¢hvimvolves the

formation of complex crystalline structures at the molecular level.

Due tothecomplex and highly ordered molecular structwefat crystds, synchrotron
X-rays are weHsuited for identifyingand quantifyingpolymorphic forms offats aml
oils, which cannot be characterized using other techniques.-Samdlwideangle X -

ray scattering studiefSAXS/WAXS) are possible at most synchrotron radiation

facilities through the use of specialized beamlir{Bslge et al., 2018)

Precharacterimg samples in the laboratory in advance is essential to making the best
use of beam time at these facilities and to have the beam time proposal approved. Using
a synchrotron radiation source, tiresolved synchrotroX-ray techniques determine
structuralchanges over short periods of time in materidlgically, a short pulse

lasting a few millisecondsf synchrotronX-rays is introducedoeriodically and the

scattering pattesmarecollected over time.

It is possible to obtain detailed information on the structural changes that occur during
fat crystallization by using timeesolved synchrotroiX-ray techniques under nen

isothermal conditions. When a synchrotron source emits pulsésrafs at short
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intervals, a sample of fat can be heated at a controlled rate and then rapidly quenched at
a low temperature through a timesolvedX-ray diffraction experiment. In addition to
providing information on the crystal structubérays also provide informationbaut

the orientation of the fat crystals.

2.5 Mathematical Modeling of Crystallization in Fat

2.5.1 Avrami Model

The Avrami model was first proposed by Avrami and was initially developed to describe
the kinetics of soliestate transformations such as mation and growth of crystals
(Avrami, 1939). The Avrami model has been widely used in materials science,
metallurgy, and other fields to describe various phase transformattmmodel is also
known by the nanes ofother researchers developeds thesameime. The mathematic

form isthe sameas thewWeibull distribution.

The Avrami model assumes that the transformation process occurs through nucleation
and growth of new phases, with the rate of transformation depending on the number and
size of thenewly formed phases. Applied to the study of fat crystallization, the following
equation expressesir version othe Avrami model:

Y 08 o (2-27)
VO

where:

(1/b) is thesame a%, the rate constant for the transformation procésiss the same as

n, the Avrami exponent is the time of transformatioi8FC is the solid fat content at a

36



particular time (%), SF&ax correspond to the maximum SFC achieved at a particular

temperatur€%). SFC could be percentage or fraction.

A crystallization event described by the equation occurs after a lag period, during which
pre-nucleation ishappening. Initially the crystallization is slow aitglthenfollowed by

a rapid increase in crystal mass thecrystallizationgets closeto the end, islows down

until thematerialreachegquilibrium.The Avrami model assumes that the crystal growth
process occurs through nucleation and growth of new crystal phases, with the rate of
transformation depending on the number and size of the newly formed crystals.
transformation process can involve the growth of new crystals from a solution or melt, or
the transformation of an existing crystal from one phase to andtherexponentedis

the sum of nucleation and growth modéke nstantaneous nucleationodeadds0 to

the exponentwhereaghe periodic nucleationmodeadds 1 The growth mode refers to

the dimensionef growth If the dimension idéinear, adds 1 to thexponentfor surface

adds 2for volumeadds 3 Thereforethe exponent should be betweed.1n practice,

the exponent fallbetween a small positive number, for example @rid value larger

than 5, and it is notreinteger.

According to the model, thgrowth rate of the new phase depends only on temperature,
and not on timeThe modelvas developed faso-thermal conditions, random nucleation
in space, and linear growth kinetics. Growth bodies are assumed to remain at the same

density(Marangoni & Wesdorp, 2013).

To implement the Avrami model in crystal growth studies, one typically measures the
fraction of transformed material as a function of time during the transformation process.

This data can then be fit into the Avrami equation to estimate teecoastant and the

37



Avrami exponent, which can provide insights into the mechanism of the transformation
process. The Avrami model can also be used to predict the fraction of transformed
material as a function of time for different growth conditions ostatymorphologies,

which can be useful for optimizing crystal growth processes.
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CHAPTER 3 EXPERIMENTAL METHODS
3.1 Materials

There are four pure monoadidacylglycerds studied in this work. Trilaurin (LLL),
Trimyristin (MMM), Tripalmitin (PPP) and Tristearin (SSS) samples were obtained
from Fluka (via Sigma Aldrich) at more than 99% purity and were used without further

purification.
3.2 Instruments and Methods

Notethaon this tAE€di s oweefiee fio temperatures
refer to differences in temperature or ratesoamted with temperature, for example in

specific heats or cooling rates.

3.2.1X-ray diffraction

3.2.1.1 Experiment Procedures

The X-ray study was conducted using timesolved in situ smatngle and widangle

X-ray diffraction (SRSAXD/WAXD) measurements with synchrotron radiation to
identify each polymorphic form. Dr. Gianfranco Mazzanti dglizabeth Mudge
conducted the expeanents(Anom, 2009) The synchrotron radiation XRD (S&RRD)
experiments were performed at the Exxon Mobil beamline X10A at the National
Synchrotron Light Source (NSLS) in Upton, NY, USA. A Bruker 1500-tlvoensional

CCD detector with a pixel size 62004 mm was used to capture diffraction patterns
with an exposure time of 5 seconds and an additional 5 seconds to read and "unwarp"

the images.
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Figure 31 A schematic and a corresponding photo of setuiXfaay diffraction
experiments performed BISLS Batchy 2014).

Experimentavereconductedvi t h a wav el e n.ghelnalbahgleaxrayl . 0 9 4 6 8

diffraction (SAXD) detectowas at alistance of 1014.6hm from the capillaryWide-

angle X-ray diffraction (WAXD) measurments were performed with thestéctor
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placed 136.8nm away from the capillary. Silicopowderand aluminum oxide were
used to calibrate the beam's energih a beam size of 0.5 x OrbBm. The instrumental

resolution was 0.002& 1.

The sample was loaded into a inkn thin glass capillary. The capillary was placed in a
temperatureontrolled holder designed to be compatible vidtihays. To regulate the
temperature of the sample in the capillary, an aluminum holder containing a group of
Peltier elements was employedthermistor was used to monitor the temperature, and

a window was provided to allow-rays to pass through. The voltage applied to the
Peltiers was calculated using a Proportional, Intedpativative (PID) algorithm to
maintain a stable temperature hetcapillary cell. A LabVIEW program was jointly
developed by Dr. Gianfranco Mazzanti and Dr. Stefan ldziak, and then moutified
regulate the temperature of the capillary cell and log its temperature and other

operational parameters.

The program's graptal user interface (GUI) enables users to input a temperature profile.
The set point temperature is calculated dynamically based on the temperature profile's
stage and time and transmitted to the temperature controller. The LabVIEW program
records each teperature cycle's time, actual temperature, and set point temperature in
a log file, and sends the capillary cell temperature to another program that captures and

saves diffraction patterns from one of the detectors.

The capillary was heated to 7Q for 10minutes before each experiment, cocdéc
determineatooling ratedo -10°C, kept at that temperature for 5 minutes, and then heated
back up to 70°C at a rate of £°/min. The experimenters explored seven different

cooling rates, ranging from@°/min to 20C°/min.
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3.2.1.2X-ray Data Analysis

ImageJ with an XR2D plug was utilized to open the Bruk&iemens (BS) images and
generate radial plots. The XR2D plugwithin the program opened the images as a
stack of 1ébit greyscale imagaseasuring 512 X 512 pixels. The pliugalso allowed

the definition of the analysis boundaries to use information from the pixels in the corners.

For consistency, the same region of interest (ROI) boundary was applied to each image
stack, with x Left = 24, x Right = 497.0, y Up = 20.0, and y Down = 493.0, and was
used in the radial analysis. Thus, only the pixels within the specified boundary were used
for the image analysis. The diffraction patterns acquired in the experiment were circular
or ring-like. To accurately determine peak positions, intensities, and FWHM, the image
stack was centred prior to radial analysis by adjusting the boundary of analysis. The
center of the diffraction pattern was estimated by defining a range of radii in pixels and

fitting a circle to the scattering circle to determine its center and radius.

A radial plot (RP) displays integrated intensities around concentric circles as a function
of distance from a point in the imagehe sum of pixel values around a circle with a
specified center poinandradius is used to obtain integrated intensity vafoeghe

radial plots. These plots provide information on peak posiemay scattering intensity,

and FWHM, and can be used to study the kinetics of a process over time. Incaient be
intensity is monitored, and results are normalized usingacro developed by Dr.
Gianfranco Mazzanti for ImageJ, named Normalized Radial Plots (NRP). Temperature
and monitor plots over time are recorded, shown in the figure for LLL cooled at

10C°/min.
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Figure 33 Monitor value as a function of time showing the decay of scattering
intensity with time.

The assumption in this analysis is that each peak represents a different polymorphic form
or crystal type in the samples. Tagtraced image text files were analyzed using Igor
Pro9, a scientific data analysis software package produced by Wavemetriésr Inc.
curve fitting and peak fitting. The program uses the Levenbtngjuardt algorithm,

which is a numerical method for minimizing nbnear functions in leastquares curve

fitting and nonlinear programming.

To detect hidden peaks that standard insémis may miss, the data underwent peak
fitting to achieve a minimal degree of error and quantify each peak. This process
involved fitting the data to a function that is a sum of functions, with each function
representing one peak. To account for any sloxalying baseline that the peaks may

sit on, a function representing its shape was included in the fitting process.

The fitting function used in this study was the Voigt function, which is a convolution of
both Gaussian and Lorentzian functions (Liman@®)8). While both distributions are
continuous probability distributions and relate the probability of observing a value to an
interval, the Lorentzian distribution does not diminish to zero as rapidly as the Gaussian
distribution. Instead, its behaviourrftarge deviations is proportional to the inverse

square of the deviation rather than exponentially related to the square of the deviation.

Gaussian distribution is a continuous probability distribution for avalaled random
variable. The tails of the @tribution are asymptotic, meaning that the probability of
observing values far from the mean becomes very small, but never quite reaches zero.

The general form of its probability density function expressed as:
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whereq is thescattering vectQrg is thepeak positionandy is a standard deviation

proportional to the FWHM fothe peak

The Lorentzian distribution, also known as the Cauchy distribution, is a continuous
probability distribution that is used in statist@asd physics. It is defined by a single
parameter, the location parametes),(which specifies the location of the peak of the

distribution. The Lorentzian distribution probability density function is expressed as:

0 AM

(3-1)

whereq is thescattering vectom is thepeak position  agnsdhe scale parameter or

the haltwidth at halfmaximum (HWHM=FWHM/2).

The Voigt distribution is a continuous probability distribution that is commonly used in
various scientifidields, including spectroscopy, crystallography, and materials science.
It is a convolution of a Gaussian distribution and a Lorentzian distribution, and its

probability density function (PDF) can be expressed as:

wAn K onn 0n AMm W (3-2)

Therefore:
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Figure 34 Intensity of XRD as a function of scattering veaabtained at @ooling
rate of 5 C°/min(leftiand he functions fitted to peaK®03) and (004jrom Igor using
Voigt distribution Top plot is the residual erramid plot has the data and the fit, and
bottom plot shows the individual peaks.

3.2.2 Differential Scanning Calorimetry (DSC)

3.2.2.1 Sample preparation and the instruments

To produce the sample for the DSC analysis, the samples were melted in an oven
(Precision Thelco) at a temperature of 80°C until tmeyted and thenveretransferred
into the pan. The samples were then encapsulated in two different kinds of hermetic

alumnum pans and lids, the standard pan/lid set (DSC84005 compare to TA Instruments
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900793/4.901) and the premium pan/lid set (DSC84012 compare to TA Instruments
Tzero901683/4.901) which were obtained from DSC consumabledliribe surfaces

and apparates were cleaned by immeos in acetone, and the pans were handled with
clean tweezers and placed on clean surfaces. Approximaéeng of melted sample
weretransferrednto the sample pan using preheated disposable capillary tubes with a
wire plunger (bummond Scientific Company, Wiretrol® I, Cat. Numbe0®0-2010,

5¢ L a n dThelli@saverg subsequently sealed onto the pans using the encapsulating
press (TA Instruments, 900680.902). The sealed was then weighed ug a

microbalance (Cahn Instrumis, G33 Microbalance Model Number 136833)

In this work, two different Differential Scanning Calorimetry (DSC) instruments were
utilized for thermal analysis: TA Instrument Q100, and TA Instrument QZUA0
Instruments, New Castle, DE, UShe expernents were mainly conducted using a TA
Instrument differential scanning calorimeter DSC Q100 (V9.4 Build 287, Module DSC
Standard Cell FC) connected to a Winddvesed computer system. The deviasa
refrigerated cooling system (RCS), a Modulated DSC KBS ption, a touch screen,
and an autdid. A pairednitrogen cooling system provides the highest performance and
greatest flexibility in cooling. It has a large range of temperature performda&@C

~ 550°C), and the greatest cooling rate capacityd@9daC°/min).

The Q2000 is upgraded with advanced Tzero ® technology, and an optional Modulated
DSC ® and 5@osition autosampler. Additionally, the Q2000 includes PlatiBum
software that schedules automatic tests to keep the DSC in top operating condéion.
Tzero celldesign of the Q2000 is optimized for heating and cooling. It features a heat

flow sensor machined symmetrically from a single piece of durable;rbggonse
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constantan and directly brazed to the silver heating block. This design ensures fast signal
resporse, reproducible baselines, superior sensitivity and resolution, precise data, and
unmatched ruggedness. The Tzero thermocouple, located symmetrically between the
sample and reference sensor platforms, acts as an independent measurement and furnace
control sensor. The matched chromel area thermocouples welded to the underside of
each sensor platform provide independent sample and reference heat flow measurements,

resulting in superior DSC and MDSC ® results.

The Q2000 also features an improved auto lidrabgethat includes dual silver lids, a
lifting/venting mechanism, and a dorekaped heat shield. This design improves the
thermal isolation of the cell, resulting in more accurate and reproducible measurements.
Mass flow controllers and integrated gas shiihg allow for precise control of purge

gas flow rates, with rates adjustable fro84D mL/min in 1 mL/min increments.

Advanced Tzero Qsam
model includes T M sCpan M Cpan
the pans

I%7H

Q2000 [ s T

Q200 l

Tzero models the
Calorimeters

Figure 35 The different model used in DSC Q2000 and DSC R&L Training
Coursefhttp://www.nmt.edu/academics/mtls/faculty/mcabyés/dsc/ta_introduction_t
0_dsc2009.pdf#page=90&zoom=aui®5,306)
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The Q2000 experiments ere conductedat Dr. Derick Rousseau labToronto
MetropolitanUniversity) by Dr.Khakhanang Wijarnprech@’im). She prepared the
pars andused the samBSC Methodprogramaswe used in Q100The Methodsare

included in AppendiA.

3.2.2.1 Calibration and Procedures

For each DSC instrument, a calibration was performed before the analysis to ensure
accurate and precise measuremenke DSC cell was cleaned by ugira fibreglass

brush, and dirt was removed with compressed air. To check for proper cleaning
procedures and to ensure that there are no contaminants in the cell, an empty cell run
was performed across a temperature range 60nto 200 °C with a heatingnd cooling

rate of 20 C/min to eliminate any contaminants from previous experiments. If further
cleaning was required, a cotton swab dipped in acetone was used to clean the cell,
followed by another empty cell run to confirm the absence of contamir@eits.that

were still contaminated were burned out by heating them to 600 degrees Celsius with
the lid open under airflow. In order to minimize the "first run effect" and to obtain a

clean cell and a smooth baseline, an overnight cyclic empty cell tepenfasmed.

Q Serieg Explorer Window, provided by TA Instrument, was utilized to set up, view,
and control the experiment. The calibration process is carried out using DSC calibration
Wizard in Q Seriés Explorer Window Firstly, the heat flow measuremesftthe DSC

Is calibrated using the Sapphire standard by placing it in the DSC and running a heating

cycle from the calibration software. The DSC should report a known heat flow value for
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the Sapphire standard, usually 12.5 mW. If the reported heat flow falls outside the

acceptable range, the heat flow calibration factor in the software should be adjusted until

the reported value matches the known heat flow value of the Sapphire standard.

To calibrate the temperature measurement of the DSC, the Istiiundard is utilized

by placing a small amount of it in the DSC and running a heating cycle from the

calibration software. The DSC should indicate the melting point of Indium at 156.6°C.

If the reported melting point is outside the acceptable range, nipetature calibration

factor in the software should be adjusted until the reported value corresponds to the

known melting point of Indium.
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o
|

Sample: Indium, 5.95 mg.
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Figure 36 The third step of the calibration process: indicatibration

(http://www.nmt.edu/academics/mtls/faculty/mccoy/docs/dsc/ta_introduction_to_dsc2

009.pdf#page=90&zoom=auth55,306)

50

170



To conduct the experiment, the sample and referencevpene placed into the DSC
cell. Prior to the experiment, the RCS and nitrogen ga®wrned on for at least an
hour to ensure a steady flange temperature reaches approxirgatéy. TheMethod

is programmed in Q Seriés Explorer; samples were first Isothermal for 7.00 min at
110 °C and then cooled down-80 °C using 9 different cding rates, 2.5 @min, 5.0
C°/min,7.5C°/min,10.0C°/min,12.5C°/min,15.0C°/min,17.5C°/min, 20.0C°/min,,
and 25C°/min, and then heated to 110 °C at a heating rate d€°1fin, and held
temperature for 7 minuteSSS, howevenyas heated up to 120 ¥&cause the melting

point is above 70C.

File: D:...\LLL1_cycle1.001

Size: 5.4200 mg DSC
Method: LLL#5_Cyclel Run Date: 01-Jul-2022 17:25
Comment: Cell constant calibration Instrument: DSC Q2000 V24.11 Build 124
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Figure 37 One cycle of LLL1 runl in 1&°/min, cooling rate and 1@°/min, heating
rate.

51



Three sample pans were prepared for each miai@ndeach run consisted of 54 cycles,
where each cycle included one heatiagip and one coolingamp Three runswere
conductedor each sample pan, without taking the pan out to eliminate the pan position
effecton theDSC Q100signal In summary, evgrsample pan performed 162 cooling

and heating cycles, and three replicates were fiwresach material.

The sequence of cooling stepasrandonized asshown in table 4. TA Instruments
Analysis progranwvasused to export the heat flow signal (W/g), temperature/time signal
(C°/min), and first/second derivative of heat flow by using the option in the menu: View
I Data tablei Spreadsheets. A macro wasittien using TA instruments analysis

software to generate the excel spreadsheet automatically.

Table 31 Method of cooling sequences of three LLL pans in the DSC experiment.

pans LLL1 LLL2 LLL3
Replicate [ LIR1 L1R2 L1R3|L2R1 L2R2 L2R3|L3R1 L3R2 L3R3
1 2 3 4 5 6 7 8 9
1 10 20 75 | 175 5 20 10 10 7.5
2 5 15 5 75 175 15 15 125 20
3 25 5 7.5 10 5 7.5 5 25 2.5
4 10 125 75 5 25 20 20 175 125
5 125 20 15 | 175 125 20 7.5 20 7.5
6 15 20 5 25 25 175 15 15 125
7 125 25 25 | 125 25 15 2.5 10 5
8 10 125 25 5 20 125 25 2.5 20
9 15 25 20 15 175 175| 25 7.5 7.5
10 20 175 10 15 25 25 25 175 175
11 2.5 10 25 | 175 25 125| 25 175 10
12 75 125 5 10 5 20 5 5 25
13 20 15 15 5 20 2.5 75 175 20
14 10 25 5 20 15 175 20 20 175
15 5 125 175 | 25 5 25 2.5 10 125
16 15 15 10 5 175 10 75 175 175
17 125 25 175]| 25 20 2.5 15 15 25
18 7.5 7.5 25 | 175 25 15 2.5 15 5
Time (hrs) | 12.49 10.79 13.73| 12.62 12.91 12.02| 14.53 11.77 12.24
Total (hrs) 37.01 37.55 38.54
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3.2.2.2 DSGhermogram analysis

The TA Universal Analysis Software allows researchers to analyze the data obtained
from these experiments. Some of the functions of TA Universal Analysis Software
include reduce and manipulate raw data obtained from theanadysis experiment;
graphical representations of data, including temperature profiles, heat flow curves,
interpret the data obtained from thermal analysis experiments to determine various
material properties such as melting point, glass transition tetnperand thermal
stability. It also includesthe determination of onset poirithis onset pointhowever|s
relatively inaccuratbecausd is calculated athe intersection of the extension line from

the liquid state and the tangent line of the cryigtlon process (shown in Figures3.
However, the onset temperaturacuallythetime/temperaturat which the first point
deviaesfrom theheat flow baseline. Therefore, a MATLAB code was develdyetthe

authorto detect onset temperatuiihe full cocis included in the Appendix B.
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Size: 5.4200 mg DSC
Method: LLL#5_Cycle1 Run Date: 01-Jul-2022 17:25
Comment: Cell constant calibration Instrument: DSC Q2000 V24.11 Build 124
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Figure 38 Onset point detection using TA Universal Analysis Software cordgare

theactual onset point
The MATLAB code is designed to analyze DSC data to obtain the onset temgeratu

of thermal events in a sample. The code takes an Excel file containing DSC data as input

and provides output in the form of onset temperatures for each sheet in the Excel file.

The code starts by defining the temperature range forAli&and the onsetanges for

each sample. The onset ranges are determined by eye and are specific to each sample.
The code then performs linear regression operations on the data and finds the slope and
intercept of the linear fit. Next, the code identifies the onset teatyperof the thermal

event by searching for the point where the difference between the measured values and
the linear fit exceeds a certain threshadd shown in Figure-8. This threshold is

calculatedfrom the standard deviation of the difference betw#®e measured values

and the linear fit.
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Figure 39 Plot of temperature verse error (blue) of linear fit (yellow) of the heat flow
signal in the liquid state of SSS

The onset temperature is calculated based on the temperature range and onset range
defined earlier. The code then outputs the onset temperature for each sheet in the Excel
file. This MATLAB code automates the process of identifying the onset temperature of
thermal events in DSC data, making it more efficient and less prone to human error.

Figure 39 shows anexample of the onseemperatures of LLL detected by the

MATLAB code.
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CHAPTER 4 RESULTS AND DISCUSSION I | EFFECT OF
COOLING RATE ON THE ONSET TEMPERATURE IN PURE

TRIACYLGLCERODES

4.1 Onset temperatures of crystallization

A differential scanning calorimetry (DSC) thermogram can be used to detect the onset
of triacylglycerol (TAG) crystallization byestimaing the temperature at which the

exothernic peakstarts

Peak identification and interpretation were defter acquiring the DSC thermogram

of the TAG sampls. An exothermic peak indicates the crystallization of TAG,
whereas an endothermic peak indicates the melting of TAG. The onset temperature is
the temperature at which the exothermic peak begins to apgieeg, this isthe
temperature at whicthe TAG sampe begins to crystallizelThe composition of the
sample, the cooling rateand the presence of impurities can influence the onset

temperaturend the shapef theexothermic peakluring TAG crystallization.

The analysis oDSC experimental resultsequires first of all, that the instrument
consistentlycontrols theconditionsacross experimentshis is achieved by the
programedmethod To ensure accurate temperature and heat flow measurements,

DSC instruments also need to be calibrated before each erperim

Second, he sample should be homogeuns, and the sample mass shoulavitbin a
narrow range Samples should also be well encapsulated in a pan to prevent any
contaminationand themassof the reference pan and the empty sample pan should

bechosen to havanomore than 0.5 mgrassdifference
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Third, DSC thermograms should be corrected for baseline drift, which changes in
instrument temperature or changes in heat flow in the refepateecan cause. It is
necessary to identify and correaty artifacts or abnormalitiéeforeanalyzing DSC
data.Some unusual thermal events such as additional peaks, shoulders or changes in
melting or phase transition temperatare ofterdue to the psence of impurities in

the samplesTo determine if such events are anomalies or artificially caused, it is
important to verify whether the thermogram baseline fluctuates duringtaodard

thermal events.
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Figure 41 DSC thermograsshowingthe heat flow(Exo-up, W/g) as function of
temperaturé C) for LLL cooledat the different cooling rates afmlowed byheating
at 10C°/min.
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The MATLAB code was developedto process thermal analysis data in a more
efficient and accurate way. The script reads data from an Excel file and performs

l i near regression and onset analysis on
uniformly, with the first three characters represgmtthe cooling rate and the last

number representing the replicates. The variable sheet name contains the names of

each sheet in the file, and the script loops over each sheet.

For each sheet|, the script readuwctidnhe dat e
and extracts the temperature, time, and heat flow data. The script then performs linear
regression on a subset of the data with temperatures between a specific lower and

upper temperature. This temperature raog¢he linear regressicshould indude the

onset temperaturéus, itshould be maintainedithin a range oiround 10 C. The

difference between the observed and predicted heatgloalculatedising the slope
and intercepbbtained fromthe linear regression. After the differences éndeen
calculated, the standard deviation is used to identify the onset temperature of the

thermal event.

The standard deviatisnobtainedrom experiments dastcooling ratesverelarger
than thosefor slow cooling rates. Therefore,hen the onset temperatures were
determinedthe largerstandard deviations produtmore uncertainty ithe onsets at

fastcooling rates

Since the stability of the heat flow signal is related to the temperature control system
of the instrument, the fastdre cooling rate is, the more difficult it is to maintain the

temperature control of the system. Hence, the frequency of its fluctuation is more
remarkable, which means that the heat flow signal of the liquid state will deviate
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sometimes before the actualsef resulting in different fitting errors in different time

periods.

The onset temperatureasdefinedin this workas the first temperature point where

the heat flow is more than ¥sigma above the predicted heat flow based on the
linear regressiomodel. In cases where the sigma is less thdi®?, the threshold

for identifying the onset temperature is increased tosigma n depened on the

cooling rate A matrix of cooling rate (CR), replicate number (REP), onset
temperature sequence number (onset_index), onset temperature (onset_temp), heat
flow at the onset temperature (hf(onset index)), and standard deviation of the

difference (sigma) is generated tye code.

In the left panel oFigure 42 the onset temperaturé®m one pan of LLL are shown
as blue crosses to illustrate the variability of these estimBbesright panel shosv
theresults ofcalaulated deviation uskto identify the onset temperatuidote that the
scale was been expanded b%C® illustrating the chdlerge of detecting the onset
temperature The blue line are thdeviations,and the red diamonds are the onset
temperatures. It took many iterations tefthe reasonable regions estimate the

onsets.
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Figure 42 Two output figures from MATLAB code: DSC thermogram of LLL with
the detected result onset temperature(left), the calculated deviation between fitting and
original data as eriterion to detect onset temperature(right).

4.1.1 Onset temperature of paracylglycerols

Figure 43 () for LLL (b) for MMM andFigure4-4 (a) for PPP andb) for SSSshow
the onset temperature of the crystallization of the pure triacylglycerols at cooling rates
(2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20 andCamin); three replicated pans were mdde

the same pan type and similar weigtdrfiple and patil mg). Each pointrepresents an

onset temperature detedtusingthe MATLAB program.
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Figure 43 Onsétemperaturgplotted as a function of cooling rate of four pure

triacylglycerols: LLL(a), MMM(b); three replicated pans using the same type of pan
and instrument are included in thigure
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The onsetemperatures for PPP and S8&igure 44 show a lirear relationship between
onset temperature and cooling rakee difference betweethe average value of onset
temperature o025 C°/minand 2.5C°/minis 1.86+ 0.13C for PPPand1.78+ 0.17°C

for SSS These differenseare8.01+ 1.43for LLL and5.49+ 1.66 for MMM. The
variationof PPP and SS@nder each cooling rate is relatively minor compared to LLL
and MMM, which means that the smaller the triacylglycerol moleisylihe mordt is

affected bythecooling rates.

There is anothanotabledifference betweethetrendsof the onset temperatusef LLL

and MMM andthe trendof PPP and SS3 he onset temperatures of PPP and SSS in
figure 44 are below the melting point of thépolymorph for all cooling rates, that
ranged from 2.25 C°/min. However for LLL and MMM shown in Figure 43, the
crystallization eventt slower cooling ratestartsat a temperature higher than the
melting point of thel polymorph It is therefore reasonable twnsiderthat LLL and
MMM form another polymorph instead &l However, this hypothesis needs to be
supported by other evidence, such asisothermal Xray experiments that can be used

to investigate and identify polymorphic forms.
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Figure 44 Onset temperature plotted as a function of cooling rate of four pure
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Table 41 The average and standard deviation values of onset temperatures of the crystallization in LLL, MMM, PPP, and SSS. And
the totalnumber ofmeasurements from thileree pans are shown in the &bl

Cooling
( CA/ mi 25. 20. 17. 15. 12. 10. 7.5 5.0 2.5
Average 9. 8 11.¢C 11.¢ 122.¢ 13.C 13.°7 14. 7 15. 7 17. ¢
LLL a (CA 0.9 1.0 0. 4 0.6 0. 3 0. 4 0.6 0.6 1.1
me a ®unre s 21 21 21 20 15 15 15 20 14
Average 26. ¢ 27. 2 27.%t 27.¢ 27.¢ 28. . 28.7 28. 1 32.
MMM a (CA 0.5 0. 4 0. 4 0. 3 0. 2 0. 4 0. 6 0. 4 1.5
me asmes 21 21 21 20 15 15 15 17 14
Average 39.¢ 40. 7 40. 2 40. ¢« 40. 7 40. ¢ 41. 7 41.: 41. ¢
PPP a (CA 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1
me asmens 20 21 21 20 15 15 15 20 14
Average 49.¢ 49. ¢ 50. . 50.2 50.¢« 50.¢ 50.¢ 51.1 51.:¢
SSS a (CA 0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.0
me asmens 21 21 21 20 15 15 15 20 14
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4.2 Comparative summary of onset temperatures of crystallization evest

By comparing the tendency of the onset temperature of the four pure triacylglycerols,
it is possible tanterpret the behaviour of nucleation and reveat¢taionship between
cooling rate and polymorphism, as well as the effect of the size of the pure
triacylglycerol molecule. As shown in Figure54 there is a inverserelationship
between the onset temperature and the cooling Astéhe cooling rate creasesthe

onset temperaturgecreasesl he onset temperatyrehich depends omthe nucleation

rate, changes in a consistent and predictable magimeePPP and SSSeem tdorm

the samepolymorph over a cooling rate range of -2% C°/min, the time required

decreasebnearly for this polymorphas the cooling ratecreases
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Figure 45 The plot of onset temperature with respect to cooling &té(in) of LLL,
MMM, PPP and SSSand the dotted line represents the experimental melting goin
U polymorph of each pure materi al
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For LLL, an almost linearelationship isseenbetween the cooling rate and onset
temperature. However, the slopigpanl of LLL, for instanceis 0.306+ 0.007 which

is much steeper compared to RPR®80+ 0.002)and SS$0.08 + 0.009. The values

are summarized in the Table2zand Table 43. Thesedifferences may bedue tothe

formation ofUin PPP and SSS, while for LLL tffiest polymorph ish .'We calculatd

the difference between the onset temperaattheme | t i ng t emplk'Tr at ur e
polymorpts, gpTh dstpiie under c obgwhichmage proportioa to ¢he d

driving force of the crystallizatiarin Figures 46 and 47, the variablesgp T and-

b is plotted as the function of tleoling rate.
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Figure 46 -qp Tthe difference between the onset temperature and the experimental
melting temperature @I Ty) of the pure samples as a function of cooling rate.
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Table 42 Linear fitting parameter ofcp T as function of coolingate.Sestands for
standard error

LLL MMM PPP SSS MMM (25-10) MMM (10-2.5)
Slopek | 0.306 0.265 0.080 0.082 0.076 0.686
Se k 0.007 0.021 0.002 0.002 0.005 0.037
Intercept b| -1.308 0.028 3.010 3.248 3.275 -2.530
Se b 0.109 0.292 0.027 0.033 0.079 0.238
Sey 0.363 1.013 0.090 0.106 0.122 0.481
R? 0.971 0.749 0.975 0.965 0.887 0.941
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Figure 47 -qp b the difference between the onset temperature and the experimental
melting temperature (ToTp) of the pure samples as a function of cooling rate.

Table 43 Linear fitting parameter oip T as function of cooling rate
LLL MMM PPP SSS MMM (2510) MMM (10-2.5)

b 18.192 13.328 14.010 12.848 16.575 10.770
Se b 0.109 0.292 0.027 0.033 0.079 0.238
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The slope of the LLL series data poimg~igure 47 is much larger than that of PPP
and SSSwhereaghe slopes of PPP, SS&d part of the MMM data (cooling rate
from 10 to 25C°/min) are similar.On the other handhe LLL data and MMM data

in Figure 47 hawe largerslopeat cooling rates from 2.8°/min to10 C°/min. LLL

and MMM then form similar polymorphs at cooling rasgfrom 2.5 C°/min to 10
C°/min. While the polymorpHformed by MMMfor cooling rats betweenl0 C°/min

to 25C°/minis similar toPPP an&SSIn order to determine what polymorplsiates,
form under our experimental cotidns and whether there is a phase transition, it is

necessary to analyze teray data and compare them witlsC thermograms

Figures 58 depict the enthalpy values of LLL, MMM, PPP, and SSS as a function of
the cooling rate. It is noteworthy that onliIL exhibits a distinct trend, whereas the
enthalpies of MMM, PPP, and SSS remain relatively unaffected by variations in the
cooling rate. These observations emphasize the unique behavior of LLL in response
to the cooling rate, suggesting a potentiallyati#nt underlying mechanism compared

to MMM, PPP, and SSS.
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Figure 48 The enthalpy value dfLL, MMM, PPP, and SSS is plotted as a function

of cooling rate
4.3 Instrumental impact on the onset temperatures of crystallization everst

To verify the consistency and accuracy of the onset temperature data, we conducted
a comparative study of LLL using DSC Q2000 and a premium hematic aluminum pan.
The experiments conductetith different sampleEontainerénstruments provide
varying range®f estimated onset temperatur€ne important aspect thke contact
surface between the pan and the cell pa$ten heat flows across different surfaces,

the thermal contact resistance changes. Heat flows to and from the sample are more
accurately calcalted using DSC Q200fecause & softwareaccouns for sensor and

pan imbalance effegtsvhich is themass difference between the reference pan and
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the sample parDSC Q2000Ccalculatessmaller thermal effects than Q180e to the
software explained in segh 3.2.2.1 Moreover, premium hermetic aluminum pans
are moreuniformly manufacturedand made from thicker materiéhan regular

hermetic aluminum sample pamssulting in improved consistency.

Figure 49 shows three sets adnsettemperaturedata, with their means and
confidence intervalgbtained fromLLL encapsulated in thpremium hermetic pan
performed in DSC Q2000, th@emium hermetic paperformed in DSC Q100, and
the standarchermetic parperformed in DSC @Q00. Although trey have different
numerical values, the trend has not chan@at has shiftedvertically. That is,
although the values of thnsettemperatureestimated by differenequipmentmay

vary, they follow the same trenalith respect tdhe cooling rate.

Heat flxx DSC uses a furnace that controls the temperature of the sample and
reference pans. The temperature difference between the sample and reference pans is
measured as a function of time or temperature. The temperature of the furnace or
block is typically cotrolled using a feedback loop, in which the temperature
controller adjusts the power to the heater to maintain a constant temperature. The
temperature controller receives input from a temperature sensor, which is located near
the sample and reference paosmeasure the actual temperatukepan with good

thermal conductivity will help transfer heat in and out of the sample efficiently, while

a pan with low thermal mass will allow for rapid temperature changes. The higher the
thermal conductivity of the matial and the lower the thermal mass will reduce

experimental error.
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Figure 49 Comparison of the onset temperature data of LLL conducted in DSC
Q100/Q2000, using the premium/standard hematic aluminum pan.

Anothercomparison ofhe effect of usinglifferent types of pans was performed for
the MMM and its resuftareillustrated in Figure 4.0. The data were compared using
a Tzero pan at cooling rates ranging fror@?Imin to 20 C°/min, and both sets of
data showed the same pattern. For the notieadifierence between the data at 2.5
C°/minand 5C°/min cooling rates, there is a possibility that the difference is due to
the pan position, or #ithe cooling rate interval is at a critical valter the two

polymorphs. More experiments are neededetdfy or explore this hypothesis.
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CHAPTER 5 RESULTS AND DISCUSSION T 1 POLYMORPH
IDENTIFICATION USING X -RAY AND DSC THERMOGRAM OF

LLL AND MMM
5.1 DSC thermogram analysis

Differential Scanning Calorimetry (DSC) thermograms provide information about the
thermal behaviour of a sample as a function of temperature or timeabssaption

and exothermic eventsuch as melting pointsglated to phase changes, are detected
by DSC by measuring the heat flow into or out of samples as they heat offveol.
enthalpy changes associated vathhase changare measured by thetegralvalue

of the heat absorption or exothermic peakserefore,DSC canbe used to study
crystallization kineticsA crystallization peak can provide insight into the phase

change by analyzing its shape and position.

Table 51 The melting enthalpy value atite melting temperature of LLL, MMM,
PPP, SSS and their polymorphic fofMarangoni& Wesdorp, 2013)

U b b
P Hh T o Tm o H Tm
(kd/mol) °C) (kd/mol) (°C) (kd/mol) (°C)
LLL 69.8 15.6 86 35.1 122.2 45.7
MMM 81.9 32.6 106 45.9 146.8 57.1
PPP 95.8 44.7 126.5 55.7 171.3 65.9
SSS 108.5 54.7 156.5 64.3 194.2 72.5

Figure 51 and Figure 2 show the DSC crystallization thermograms and the
following reheatingat 10 C°/min. During the cooling process, there is a sudden release
of heat as the sample crystallizes. The peak on the crystallization thermogram

correspondedotthe energy released during the crystallization process. The peak area
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Is proportional to the degree of crystallization and the peakt temperature
corresponds to the temperature at whichniaimumcrystallizationrate Figure 5

1 shows that the crialization peak of LLL for cooling rats from 2.517.5 C°/min

have very irregular shaps. A shoulder appears as a smaller peak that is located
adjacent to a larger peakhichindicateghat theranustbe more than one polymorph,

and thata coexisting crystallization event happened. In the previous chapter, a
conjecture waproposedhrough the analysis of the crystallization onset temperature:

LLL may first crystallizeb p ol ymor ph i n s tptedudng thef cooihg p o | y mo
process because the initial temperature of crystallization is higher than the melting

poi nt of .WOhepositloryambshapeftheof the crystallization peakafter

theseonses provideadditional indirecevidence for this agecture.

Although there is no apparent shoulder or bump on the crystallizatiofiqreaioling
rate 20 and 25 C°/min, it does not mean thatcoexisting crystallization evedbes
not occur. It is possible that it happens too rapidly or in such a proglbrtion that
the DSC thermogram is unable to capture it. Therefore, we Xw@ag experiments
to verify the polymorph formation sequence and the formation ratio under the same

nonrisathermal conditions.

The reheating thermogram shows the heating of the sample to its original temperature
at a constant rate after crystallization. The peaks on the reheating temperature graph
represent the energy absorbed or released during the reheating procesa.pifieen

solid triacylglycerol is heated, it mayecrystallizeinto a more stable polymorph
During heating a metastable polymorph, it may raett the liquid will recrystallized

into a more stable polymorph. The metastable polymorph mayratsitiondirectly
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in a solid statealthough this is more difficulfhe exact nature of the crystallization
behavior will depend on the specific polymorphic form of titecylglycerol Since
triacylglycerok exhibit multiple polymorphic forms, then the heating process may
result inseveraltransitiors from one polymorphic form to another. Triacylglycerol
exhibitdifferent melting or crystallization behaviour depending on its crystal structure.
Multiple meltingrecrystallizationpeaks can be observed in DSC thermograms at
different temperatures, each of which corresponds to a different polymorph. Because
the enthalpy of fusion is higher in a more stable polymorph, the melting peak of a

more stable polymorph is always more prominent than the melting peak of a

metastable polynph.
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Figure 51 DSC crystallization thermograms (left) and the subsequent reheating (right)
in 10 C° /min of LLL, with the label representing the cooling rate (C° /min)
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The MMM thermogram in Figure-3 reveals a single crystallization event occurring
between the temperature range of T3min, to 25C°/min. During the reheating
process, melting and overystallization were observed at all cooling rates, with the
degree of ovecrystallization being relatively minor at 2G°/min, and 5C°/min,
cooling rates. However, a recrystallization process was olis@rvaediately after
cooling at a rate of 2.&8°/min, at approximately 45C, with a similar process
observed at 3°/min, but to a lesser extent. The behavior observed in both the
crystallization and reheating peak is identicedhe cooling rate fron7.5 C°/min to

25 C°/min. However, reducing the rate of temperature change t€<rbin, resulted

in an earlier crystallization event and the detection of a double peak. Although there
was no clear double peak observed in the thermogram at a cooling ra@/afib,

the subsequent melting curve differed from those obtained at other cooling rates.
These observations suggest that two different crystal structures may have formed
during the crystallization process, leading to distinct behavior during the melting
process. Additional experiments can be conducted to analyze the crystal structures
and properties of the sample at different cooling rates to further understand the impact

of cooling rates on the crystal behavior of the sample.
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Figure 52 DSC crystallzation exeup thermograms (left) and the subsequent
reheating (right) in 10 C° /min of MMM, with the label representing the cooling rate

(C° Imin)
In a thermogram, the heat flow rate is calculated by taking the derivative of the heat

flow signal with respct to time. It provides information about how quickly the
temperature of the sample is changing at any given fiimis. is becausehe DSC
estimatsthe heat flow from the difference iemperaturdetween the referenead

the sampleThe heat flow ratés very usefuto identify any thermal events that may

not be easily visible in the raw thermogram. By analyzing the rate at which the
temperature changes, it is possible to detect small changes in the sample's thermal

behavior that mayot be apparent from the heat flow signal alone.

In Figure 53 and 54 the derivateof heat flow with respect temperaturare plotted

as a function teemperaturdor different cooling rate Between 17.and25 C° /min,
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there is no clear shoulder twump observed on the crystallization peak in the
thermogram. However, on the differential plot, there is a noticeable bump at around
10 °C, indicating an abrupt turn in the heat flow rate. This suggests the possibility that
two polymorphs could have growtogether within this cooling rate range. This
phenomenon could be caused by the competition between the two polymorphs during

crystallization, resulting in the growth of two different crystal structures.
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Figure5-3 The derivative of heat flow wittespect to time (W/(g-min)) veus
temperature (°Clrom LLL under nine cooling rates
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5.2X-ray (SAXD and WAXD) analysis

X-ray diffraction patterns are commonly used to identify the polymorphic forms of a
material and to distinguish between ambiguous cases of polymorph identity. To
identify the polymorphic forms during cooling at different ratésray diffraction
patterns were obtained and analyzed. After analyzing the collected data, it was
possible to assign each peak to a specific polymorphic foom previous experience

and literatureThis process was further verified by WAXD analysis, which provided

additioral evidence to support the identified forms. The combination of SAXD and
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WAXD analysis allowed for a comprehensive understanding of the polymorphic

forms present in the samplduring cooling and melting

The three basic polymorphs of the material weratiled and distinguished by their
distinctwideangl e di ffracti on pohaseteghibited asinGg@ ec i f i
strongpeakcorrespondingo a dspacing 0D.42nm. Theb “phase showed twairong

peaks corresponding tegpacings 00.42 and 0.8 n m, w h i-phase gshdwed b
threepeaks corresponding tegpacings 00.46, 0.39, and 0.38m. The process of

obtaining standard dynamic smalgle and widangle X-ray diffraction patterns

required capturinga sequence 02D diffraction patterrs obtainedat fixed time

intervals while the samplgentfrom the liquid phase to the conclusion of the cooling

process. Figures-5 and 56 depict theintensity of Xray as a function of Xay

scattering vector, as the temperature is decred@bedrystalphase formation of LLL

can be observeiiom SAXD and WAXD, respectively, during the cooling process at

a rate of 2@C°/min, and 15C°/min. The observation was carried out from the initial

cooling phase in the liquid state until the end of cooliBgth cooling rates
demonstrate a consistent patterrthaf emergence dheb phasepr ecedi ng t hat
formation in LLL. Additionally, the WAXS patternonfirmedthe formation of both

U and b’ phases duyand theprmatioreoftreb o | pfisg s e r oc e ¢

followed by the formation of th&lphase
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Table 51 Lamellar distancénm) and short spacing (nof)LLL andMMM
determined by xay diffraction(Takeuchi et al2003

LLL MMM
U b b U b b
LD (nm) 3.5 3.2 3.1 4.1 3.7 3.6
SS(nm)  0.42 0.42 0.46 0.42 0.42 0.46
0.38 0.39 0.38 0.39
0.38 0.38

= B'

'

=

o
|

%
i>m

Temperature { ()
2]
1
\xm
Temperature { ()
-
=) 3]
>>

15

-
(3]
1

20 T T T T 1

N
o

18 16 14 12 10

Scattering Vector q (nm o) Scattering Vector q (nm™")

Figure 55 X-ray diffraction intensity as a function of scattering vector at different
temperatures fdcLL during coolingat 20 C° /minfrom the meltat 70 °Cto -10 °C.
The leftpanel showshe SAXDfrom the (003) plane of thieng spacing. he WAXD
from theshort spacingis shown on the right h e b 'chammatedsticlpeaks are
indicated by the arrowshaving b appearing beforél
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Figure 56 X-ray diffraction inensity as a function of scattering vector at different
temperatures fdcLL during coolingat 15 C° /minfrom the meltTheleft panel shows
the SAXDfrom the (003) planef the long spacingThe WAXD from theshort
spacingis shown on the righf h e polgmorph appears beforethe p ol y mor p h.

Figures 57 and 58 illustrate the SAXD and WAXD patterns of MMM during the
crystallization process, cooled at rates ofZ20min and 15C°/min, respectivelyAs
observed irLLL, the crystallization of MMM alsastarted with the formation of the

b p ol fyarolropvwe d by .tThisfindlhg nmotoohlysheds lighhon the
commonality between the two materials but also provides insights into the

fundamental mechanisms adlgmorphic transitions during crystallization.
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Figure 57 X-ray diffraction intensity as a function of scattering vector at different
temperatures faoMiMM during coolingat 10 C° /minfrom the melt a70 °Cdownto -
10°C. Theleft panel showshe SAXDfrom the (003) planef the long spacingrhe

WAXD from theshortspacing is shown on the righ h e polymorph appears
beforethdd pol ymor ph.
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Figure 58 X-ray diffraction intensity as a function of scattering vector at different
temperatues forMMM during coolingat 7.5 C°/min from the melt a70 °Cdownto -
10°C. Theleft panel showshe SAXDfrom the (003) planef the long spacingrhe
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WAXD from theshortspacing is shown on the righTl h e polymorph appears
beforethdd pol ymor ph

At fast cooling rates (ranging from €&/minto 5C°/min) in Figures 59 and 510 for

both LLL and MMM, the U and b' polymorphs

process. According to TableZ the peak posith is determined by fitting in Igor.

The average value of the first peak and second peak position in the (003) reflection,

under all cooling rates, was found to be 3.49 £+ 0.026 and 3.25 £ 0.007, respectively.

The average value of the first peak and sequeak position in the (004) reflection,

under all cooling rates, was found to be 3.54 £ 0.008 and 3.25 £ 0.005, respectively.

By combining the |iterature valinBble of ¢t he

|

5-1 (Takeuchi et al2003, itcanbeconfme d t hat the first peak

second peak belongs to b’

A similarresutwas observed i n MMM, where the U pc
cooling rates (2@C°/min and 15C°/ mi n) , and both the U and
detected at intermediatates (between 1G°/min and 2.5C°/min). The percentage

of generated b polymorph in MMM exhibit s

cooling rate. This also supports the results from the DSC thermagram

In general, when a substance is rapidly codedetastable polymorph tends to form
first, which can be Teidmetagtable golneorptcarotmen b ° po
transition to a more stable oriEhis happen®ven thoughhte differencen Gibbs
energybetween the crystal and the liquigthich is ultimately the driving force, is

smallerfor a metastable polymorghan for the stable polymorpiihe reason is that

the resistance fdiormation i.e. the activationenergybarrier, is much lowerfor the

metastable polymorphn this study,however,the behavior of LLL was found to
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deviate from this expected sequence of polymorphic transition. According to energy
considerations, the U polymorph, with it

crystallization, should crystallize first.

While cool n g, b’ crystals are nucleated and gt
of this process is dependent on the temperature of the cooling rate. As the temperature
decreases, the |liquid wildl reach the mel
crystalsln the remaining liquid, there is a competitive process between the nucleation
of b and U. Despite the fact that b' <ca

becomes more favorable for U to form from

This phenomenon has bealbserved in several studies. For instance, Takegiethi

(2020) examined the crystallization of saturated monoacid TAGs and found that they
initially formed unstable polymorphs, s p
transformed into the more stable f or m t h-sobdutrpmsforreatidng. d
Additionally, Sato (2018) noted that when the cooling rate applied to neat liquid
samples decreased, the competitive polymorphic crystallization favored the formation

of more stable forms with higher melting tpematuresConversely, higher cooling

rates resulted in the occurrence of less stable polymorphic forms with lower melting

temperatures.
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Table5-2 d-spacingsn (nm) obtained from thgeak position fitting by Igounder
different cooling rat®f LLL of (003) and (004) reflection
CR 20.0 150 10.0 7.5 5.0 2.5

U
(003)
Y
(003)
U
(004)
b
(004)

3.522 3.513 3.492 3.489 3.455  3.437
3.265 3.262 3.251 3.252 3.250 3.248
3.528 3.528 3.542 3.541 3.544  3.547

3.259 3.250 3.247 3.248 3.246  3.243

1200
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Cooling rate
C°%/min

—25
—5
—7.5
10
—15
—20
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Intensity (n.u.)
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400 L
0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

q (A7)

Figure 59 X-ray diffraction intensity for the (003) and (004) reflections, as a function
of scatt er 1),ofgLLatehe en of copling-10°C). LLL was
crystallized in a capillary from the melt using different cooling rates.
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Figure 510 X-ray diffraction intensity for the (003) reflections, as a function of
scatt er i nd,fromévidMM atthe end d¢f cooling-(0 °C). MMM was
crystallizedin a capillaryfrom the melt using different cooling rates.
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CHAPTER 6 RESULTS AND DISCUSSI ONT 1l MATHEMATICAL
METHOD TO LOCATE THE SECOND ONSET IN A COEXISTING

CRYSTALLIZATION EVENT
6.1 Area fraction

This study identified the phases present by analyzing-#padings obtained frox-
ray data during the isothermal hold-4D°C.On | y © foans weredetected at
the end of crystallizationlt was assumed th#étte sample was completeatyystalline,

andno polymorphic transitionsvere observed during the hald time at-10 °C.

In a crystal lattice, atoms aegranged in a repeating pattern that creates a series of
parallel planes known as lattice planes. The (001), (002), (003), and (004) planes are
a group of parallel planes within a crystal lattice that differ only in their interplanar
distancesThe (001) panes areperpendicular to the crystal surfabat has the end of

the alkyl chains, i.e. the methyQHz) groups.Thelength of theTAG moleculesand

their tilt with respect to that plane determine the interplatiatance between
repeatingatoms The (M2), (003), and (004) planes are parallel(@®1) The
interplanar distancas characteristicfor each type of plane and depends on
composition and polymorphisPhs e x pr e s s e d he distaice lzetywged s | a w,
the (002) and (003) planesowever,is always1/2 and 1/3 of the distance between

the (001) plane, respectively. The distance between (004) planes 1/4 of the distance
between the (001) plaseThis analysis focused on data from the (003) and (004)
reflections as the (003) plane is typically wadsolved inX-ray diffraction patterns

of TAGs and can provide a strong and distinct diffraction peak, which makes it easy
to identify and measureAdditionally, using (004) planes can help confirm the
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interplanar distancd herefore, theX-ray (003) reflection and (004) reflection peaks
correspondi b golymaphsohlélwete explodedat all cooling rates.

As an illustration, Figure-@ (A) and (B)shows the (003) and (004) reflections for
LLL cooled at rates of 2€°/min and 2.5C°/min, respectively. The peak positions
and peak areas were obtained by manually fitting the data using the Voigt distribution
with IgorPro9 softwareThe peakpositions were constrained to have thhatio of

scattering vectot/3:1/4.
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Figure6-1 Intensity of XRD as a function of scattering vector g, displaying the
functions fitted to peaks (008)eaks # 0 and Bnd (004)peaks # 2 and 3[A)
Cooling rate of 20 C°/min(B) cooling rate of 2.5 C°/min (from Igor) Voigt
distribution
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Figure 62 XRD areas of the peaks (003) and (0Bd)n LLL for Uandb phasesis a
function of cooling ratesThese are the areas at the endo of crystallizag@eh one
obtained from averaginipe measured areas of at least 10 diffraction patterns.

Table 61 Average of thareadntegrated usinggor ProSfrom the peaks fronthe X-
ray diffractionpatterns of th¢003) and (004) planes of LL Thearearatios are the

two last lines.

CR 20.0 15.0 10.0 7.5 5.0 2.5
b’ ( 0f 13.08 13.26 20.05 19.42 20.42 21.90
b’ (0O 1.37 1.95 1.40 1.43 151 1.66
U (00 8.28 7.00 2.93 2.36 2.19 1.38
U (00 0.67 0.48 0.06 0.08 0.04 0.04
U/ b' (Q 0.63 0.53 0.15 0.12 0.11 0.06
U/ b' (0 049 0.25 0.05 0.05 0.03 0.02
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6.2 The Proportionality Factor and masdraction

Quantification of the different polymorphic phases present in crystalline triacylglycerols
is crucial for understanding their structypperty relationships and controlling their
functional properties in various applications. To achieceurate quantification, a
proportionality factor is required to establish the relationship between the areaayf X

diffraction (XRD) peaks and the mass fraction of each polymorphic phase.

In X-ray diffraction, it is ideal to have a linear relationshugtween the crystalline mass

and the peak area for a specific polymorph. This relationship holds true when the
experimental conditions, such as sample thickness and beam intensity, are normalized
with respect to the measured crystalline mass. It is impotia note that the
proportionality factor is assumed to remain constant regardless of the temperature and
the experimental cooling ratelowever, deviations from linearity can occur, especially

at high cooling rates, due to the pequilibrium nature ofhe crystallization process.
These deviations may affect the accuracy of quantification and should be taken into

account.

The following equation relates the mass valieand XRD peakarea valué\x, of two

components of a mixturef polymorphgo their respective proportionality factdes

~ ~

0 0 ;0 o (6-1)
While thetwo phases crystallize simultaneously during cooling the mass frastion
0 (6-2)
0 0
Therefore, the proportionality factor can be expressed in terms of mass fraction:
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o o0 (6-3)
6 » 6 D
Reorganizeds
0o

P 5
The ratio of Bto B factorsv  was determined to be 1.322004for the X-ray diffraction
areas A linear regression was performed using the calculated mass fractions, and the
estimated areas for a mass fraction of 1 are shown in FegBur&he areas for all material
in theb phase was 23.3 + 0.26, while foetiphase they were 17.7 + 0.25. The regression
produced estimates of areas of + 0.49fdind + 0.16 foiJ, with corresponding fraction
estimates of £ 0.02 and * 0.01, respectively. The uncertainty in the fitted peak areas was
less than 2% fob and béween 2% and 9% fahe Uform. The uncertainty in the mass
fraction estimate increased as the area decreased. Taking all of these effects into account,

the uncertainty in the maf®ction estimates dj is less than 1.5%.
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Figure 64 Mass fraction ob at the end of crystallization as a function of cooling rate
(CR) in C°/min

6.3 Fitting DSC Thermograms

The methodo fitting thermograndatadeveloped for this research startsdstimating

the areas oflandb polymorph inthermogramTo do this, an initial estimate of the total
area, A, is computed as a numerical integral of the thermodraan flow after removal

of a coarse estimate of the baseliag explained in the next section
0 0 0 (6-5)

Using this initial estimate of A the area of the beta prime region, &an becalcubhted

from the mass fractionsing theenthalpies as proportionality factons,equation:
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| (6-6)
p x X
P 1% "’y(

The variable to fits 0 <w, < 1.The XRD experiments were done in capillaries in a thermal
holder that is different from thBSC. Although the general trends are the same between
instruments, details athe behaviour of the same materiegdn besomewhat different
between the twsetupsThe onset temperature, the rate of nucleation and growth of each

polymorph, and the finahass fraction of each omedifferent, as discussed gection 4.3.

The area of th&regionin the thermograninot under an Xay peak)  Aadnh fethen

estimated using thequation

| ! (6-7)
. X y(
P x ¥
It can be expressexbwell as
p O YO (6-8)
(0] 5 uy,,o D

6.3 Estimated baseline generation with iterative linear fitting

The baseline is the portion of the DSC signal witieeesignal comes only from tlobange

of temperature of thenaterial,not from phase transitiond-rom observation of many
thermograns itwas assumed to beraasonablyinear function oftemperatureabove and
belowthe crystallization eventThis baseline is subtracted from the original data, and the
integral function in MATLAB is used to find an initial value ofrAdetween onset
temperaturd polymorph of and the start point of the assdected to calculate the slope

of the solid.The amount of heat needed to raise the temperature of a material is directly
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proportional to its heat capacity. Using this relationship, we can simulate the two
components that contribute to the solid phassioBSystem in proportion to their respective

heat capacities.
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Figure1-5 Specificheat in J/(g-K) for LLLUandb polymorphs, as function of absolute
temperature. (Adapted fromampson, J.W., Rothbart, H.L. @9)

We performed a linear regression analysis on the data {2QK€ to 20°C range(253.15

K - 293.15 K) based orthe experimental specific heat capacityHafmpson's data. Based
on this analysis, we calculated the valuesoadnd i, which represent the ratios of the
specific heat capacities of two different polymorphs or components, denotédriup ,'
respectivey.

On Gn GRIY dns @’ dndy (6-9)
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(6-10)

[

i }
€
J‘

S

=
€
J‘

The parameters band bs, which define the heat capacity value, were obtained by

independently fitting the end tfhie DSC heat flow thermograme. below the end of

crystallization

n oi widY (6-11)

[OR!

The coefficient of regression at the end of the curve can be expressed using the fitting

parameterbs andbs, as well as the mass fraction b’
("bha . '(A)l . (6'12)
UV 3 U 3 (
5”‘]6 ' ,w' : (6-13)
O 5 U 3 i
(':)n l :ﬁ)l;]a (6-14)
LR :ﬂ)hé (6-15)

The laseline care easilydefinedby thefollowing equation:

6°Y Qi QIIYYYDH Ha GAOYYYOp 0 B (6-16)
WhereY'Y is the tempaature interval betweethe end of fitting andpeak maximum
temperatureY”Yis the temperature interval betwasrset temperatu@nd peak maximum
temperature.CR represents the cooling rat€he total fraction of solids (material

crystallized) isws. For the initial guess of the baseline, we assumed thatathgtion from

liquid to solid happens at themperaturdin, at theintersection between the two lines

i Oi gy Ha QadyY (6-17)
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The further two iterations computes at each point using thpeaks fitted to the
crystallization data.

6.4 Peaksignalidentification

We propo® a modified Avrami function to identify peak signals and detect second onsets,
which has the same expression as the probability defsitgtion of the Weibull
distribution. The Avrami functionpresented earlier in Equatior2Z, is a mathematical
equation commonly used to describe the kinetics of phase transformasdahs. Weibull
distribution it is albe to model a broad range of @ibution shapes, surpassing thermal
(Gaussianyistribution in this regard, and its capaln handle skewed data. Specifically,

we employed the scale factor of the Weibull distribution to control the shapes of the peaks
and used a threshold parameteestablish the lower limit, allowing us to identify the onset

time. Wemodify the Avrami (Weibull) function for nosothermal conditions

Y'Y .
G p QOHN w  O@Y Y Y (6-18)
6 BTV qan 1Y (619
W W W
We introduce a variable characteristic rate constamt, | ib& whiclobfconfes b

c-p T To ensure thathe cumulative functionemairs between zero and ongscaling

factorys is introduced. Thegterm is inall our casesvasvery close to 1.

Yy .
w P 'Q(bf] WY 0 WY Y Y (6'20)

In the limit whenee Tis very largethe scaling factor is very close to unity
Qwn w (6-21)

N O
©7 Qan o o P

99



Thus,it is possible to simplify thequation as

) vy i
& p QoR i 0TY Y YoiQ (6-22)

© Y'Y
The derivativeof thisfunction with respect 9" Ythenbecoms:

w

) A SR (6-23)
o oy ! p Wil MNwn i

To keep  positive the fit parameteused wasic:0 Wi tcdnstrairt, e

T d) p r e, i i
W —=—— 0P 0
w Y'Y

(6-24)
The fitting functions can be usédl find the parametetbat best fit the functions tie
data plotted versustim&.o use it as a function of ti me,
with the linear relationship provided by the cooling ré&ie,
Yo 0 0 we Y Y YO Y & VO (6-25)
Similarly, we introduce a time variahle then becomestioppt . The cumul at i ve

is still between zero and one, with a scaling fagioiThe scaling factois as wellvery

close to onen the limit whenee Tis very large

, o 6 o e s (6-26)
W p Qwn m 20 Vo o o
Qe 6 I (6-27)
O ———= p
Qwn o w p
. 6 Y0 .
G p Qoni L@ o 0 HEQ (6-28)

w 0B VO
The derivative function with respectda is then

w

s . s (6-29)
e T, :ybl p Wi MNwn i

There are sishapéfitting parameters, 53 b 5Cmp §or b @nd a, by, cmof o r Thde are

alsotwo more parameters/hich are thenset time and temperaturg for the Upolymorph
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and themass fraction ofthe b @t the end of therystallization,ws, §0 prevent negative

values, the fit parameter foi scOA Wi t h t he constraint,

» QP o (6-30)

sy 0o @

Reformulating the derivative function

i 6 o (6-31)

¥ ) p o v\

QO HY D o
, @ : O p s (6-32)

w(BTCé:)u,bl p—&)CS"Y d MNwn i

The pracedure to fit théunction to the data and find the values of the eight parametexrs
programmed irMATLAB . The searg for the minimum of the sum sfjuared errors was
done using the ‘fmincord  f u nTthé ifnonoon’ function is a widely used tool in
MATLAB for solving constrained nonlineaptimization problems. It is designed to find

the minimum value of a multivariable objective function subjee $et of constraints.

The function uses various numerical methods and optimization algorithms, such as interior
point and activeset methods, to efficiently search for the optimal solution. The search
process involves iteratively adjusting the values efitiput variables until the minimum
value of the objective function is found while satisfying the constraints. The numerical
techniques used by the function, such as gradient and Hessian calculations, improve the
accuracy and efficiency of the optimizatiprocess.

To use the 'fmincon’ function, several inputs are required, including the objective function,

initial guess,linear and nonlineaconstraints, and options. The objective function is the
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function to be minimizedysuallythe sum of squared errdystween the calculated function

and the data. ffe initial guess is the starting point for the search algofiithira given data

set The initial guess can be obtained from the result of the previous fitting. The constraints
are the conditions that the sbdn must satisfy. In our case, derivatives and critical points
wereused to constrain the fitting

The first derivate and second derivateexpresedasfollows:

!

& (6-33)
TYow w B O

i p ® I Mwn i

!

& (6-34)
TYoo 0 D VO

&) i p I MNown i

These derivatives were obtained as analytical functions in Maple and pasted into MATLAB

nested functions. They are rather cumbersome expressions (See appendix).

The output of thdunction includes a structure with calculated heat flow, residuals, and
calculated baseline values for each data point, as well as other coefficients and results

related to the fitting process.

ThedEsthBstructure contains nptsx6 cells, with each cgltesenting one data point in the
run. The columns in each cell represent the culled data times, culled data temperatures,
culled data heat flow, calculated heat flow, residuals, and calculated baseline, respectively.
The dtcplé and dtcpsd output paramets are the heat capacity coefficients for the liquid

and solid phases, respectively, for each run.

The Gtcoeffbstructure contains coefficients and other results related to the fitting process

for each run. The rows in the structure correspond to eattted4 runs in the DSC set
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being analyzed. The columns in each cell include the coefficients fitted for the run, the
minimized value of the objective function, a flag indicating the type of exit from the
optimization algorithm used, a message from thenapétion algorithm, the linear and
nonlinear constraints values, the gradient of the minimized function with respect to the
parameters, and the real part of the Hessian matrix. There are also some additional columns

with information related to the coolingte, onset temperatyrandb @nass fraction.
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Figure6-6 Theschematic diagraraf MATLAB fitting program for detect second
onsetin DSCthermograms.

6.5 Results from the fitting procedures

Figures6-7, 6-8, and 69 show the fitting resulbf the MATLAB code for data fromLLL

panl under2.5C°/min, 10 C°/min, and 20C°/min coolingrates Including theheat flow,

fitting, rate (Derivative)f uncti ons f or U and b', as wel
undercooled timeSeveral DSC thermogramsidersow cooling rates often show two

distinct peaksWhen fitted the onset temperatures appeared to be too high to correspond

to theU polymorph Pehaps at such cooling rates the second polymorpiotig] or the

literature value forthe e al me | t has beenpseverelytderesfimatddrhe longer

cooling time allows for the formation of more nuclei of fhéolymorph, resulting in a
reducedamount of crystallizable liquid available for thiolymorph. On the other hand,

at faster cooling rates, most DSC thermograms extitatate firregulaio peak This third

peakappears aftertheonsetoh n d a f t er lttshikely toatthe i the corhipetidg
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