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INTRODUCTION

2 INTRODUCTION

Oral administration of drugs is usually the preddriand also the most common route of drug
delivery. It is estimated that 80-90% of the actpearmaceutical ingredients (APIS) is
formulated into solid dosage forms [1] and majoritfy these dosage forms are tablets or
capsules. A solid active pharmaceutical ingredigggd in a solid dosage form can exist in
crystalline or amorphous state. Amorphous solidedirom their crystalline counterparts in
the order of the molecular network i.e. they haeelong-range order but some short-range
order might exist [2, 3]. Amorphous active pharmaimal ingredients have been used in the
development of pharmaceutical solid formulation® da their advantages over crystalline
forms such as increased solubility and dissolutate [4-6]. However, amorphous APIs are
usually less stable than their crystalline couraggy For example the blockbuster, lipid-
regulating drug, atorvastatin, was initially forratdd as an amorphous salt, however, it was
observed during the phase Il clinical trials tltatig had crystallized and as a result its
physicochemical properties had changed causindefay in lunching drug onto the market [7].
Understanding why particular amorphous APIs aréblstaeand other re-crystallize is of
paramount importance. The occurrence of polymormphis crystal pharmaceuticals and its
impact on physicochemical properties on APl is waticumented in the pharmaceutical
literature [8-11]. It is known that amorphous matisr can have different physicochemical
properties depending on previous thermal histony time of storage, thus from the kinetic
perspective it can be said that amorphous glassexist in different kinetic states, the term
pseudopolyamorphism or relaxation polyamorphismbesen used to describe this phenomenon
[2]. Furthermore, differences in amorphous formgarding stability and physicochemical
properties, obtained by various preparation teakeschave been reported for certain APIs [12-
15]. Polyamorphism, the possible existence of twanore distinct amorphous forms of the
same compound separated by a clear phase trangiisnbeen reported for inorganic
compounds [16-18] and discussed in the contexhafmpaceuticals in the literature [2, 11, 19].
However, it is believed that, there is no examglér@e polyamorphism in pharmaceutics and
investigation into the existence of polyamorphismorganic APls is crucial. The amorphous
APIs have been studied intensively during the pastrs and there have been a few drug
products with amorphous API on the market. For eedaman angiotensin-converting enzyme
(ACE) inhibitor, quinapril hydrochloride, a leuk@ne receptor agonist, zafirlukast or
an antiretroviral drug, lopinavir [8].

Despite a wide variety of analytical techniquesilabde to characterise solid state such
as differential scanning calorimetry (DSC), Foutieemsform infrared spectroscopy (FT-IR),

11



INTRODUCTION

Raman spectroscopy, solid-state nuclear magnetonamce (SSNMR) or X-ray powder

diffractometry (XRPD), the structural characterisatof subtle differences between different
amorphous forms of active pharmaceutical ingredierdntinues to be a challenge. The
physicochemical properties of a solid API are giipmelated not only to its structural features
but also to its molecular dynamics [20, 21]. Itimsportant to understand the dynamic of
molecular motion occurring in an amorphous APIgadose molecular relaxation takes place
during storage of formulated amorphous drug.

Valsartan is an antihypertensive drug belongingrgiotensin 1l receptor antagonists
class called sartans [22]. Valsartan is marketetthénnon-crystalline form. Various analytical
methods have been used to characterise soliddftatdsartan. Traet al studied the influence
of various types of solvents on the polymorphicstalization behaviours and dissolution rates
of two sources of valsartan by scanning electroaresicopy (SEM), DSC and XRPD [23].
Although authors regarded obtained solid formsrgstalline polymorphic forms, XRPD data
suggest that most of the forms existed in the ahumup state with different level of structure
arrangement rather than in the crystalline statéaaras a mixture of amorphous and crystalline
materials. Shrivastava and co-workers [24] repo@&C thermogram of valsartan showing
a single endotherm which was ascribed to meltinthefdrug, however they presented powder
X-ray diffraction pattern of valsartan indicating emorphous nature. The crystal structure of
a highly crystalline valsartan has been relativedgently patented [25], published [26] and
characterised by selected solid-state techniqu8&\MIR was not used to characterise the
valsartan solid state, however was successfullyl@yag to characterise different polymorphic
and amorphous forms of other sartans (candesatasartan and losartan) [27-29].

Valsartan can be used alone or in combination witier antihypertensive agents.
Combining drugs with synergistic mechanism of actio one dosage form (fixed-dose
combination, FDC) has potential benefits, suchnagroved efficacy, reduced dosing, lower
cost or enhanced patient compliance [30]. Bisoprdiamarate is a betsselective
(cardioselective) adrenoceptor blocking agent [Hdth valsartan and bisoprolol are used
concomitantly in the treatment of cardiovasculaedses (CVDs), however, there is no single
dosage form currently on the market containing aghnts. Although, it is worth noting that
the New Drug Application (NDA) to the FDAUS Food and Drug Administratiprfor an
fixed-dose combination of valsartan and other Ibdtaker, nebivolol, has been recently
submitted by Forest Laboratories I{82]

The multi-ingredient drug products offer many bésedver the single ingredient drug
products. It has been especially investigated #n ¢hse of CVD treatments. Combination

therapy has been shown to reduce CVD complicatipngnore than 80% [30], and strong
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INTRODUCTION

interest has been expressed by the pharmaceutidabktiy to develop an all-in-one pill
(multicomponent cardiovascular pill, MCCP or polj)pcontaining an angiotensin-converting
enzyme inhibitor, beta-blocker, aspirin and st{2ij.

The simplest and the most economic approach toulatimg a multi-ingredient dosage
form is a blend or granulation containing all thetige pharmaceutical ingredients. The
combination of different agents in a single dos&gen can, however, lead to interactions
between APIs, potentially affecting the stabilitydabioavailability of either component [34-
40]. Such interactions, termed incompatibilitiean de either physical or chemical in nature.
Chemical interactions between APIs are well docustefor FDCs intended for the treatment
of tuberculosis, malaria or CVDs, conditions whigsually require combination therapy [38-
43]. Even in the absence of chemical reactions é&tmecomponents, the combination of two or
more compounds (API-API or APIl-excipient) can rési physical interactions such as
polymorphic transitions [44], amorphisation [45]the formation of eutectic mixtures [46, 47].
These can cause problems during manufacturingdi@7 with shelf life [49] or bioavailability
[50].

The identification of possible interactions betwedRls is extremely important at an
early stage of drug development process. Thermalysis is frequently used to study the
physicochemical properties of APls and compatibaitbetween drug-drug and drug-excipient
[41, 47, 51, 52]. DSC quickly provides informatiaout possible interactions among the
formulation components, according to the appearasti or disappearance of phase transition
peaks and/or variations in the corresponding epyhat heat capacity values in thermal curves
of drug-drug/excipient in physical mixtures [53]54owever, the interpretation of the thermal
data is not always trivial, and the interactionsearived at high temperatures may not always be
relevant to ambient conditions. Therefore, the aseomplementary analytical techniques is
advisable [55-57]. Solid-state nuclear magneticomasce is another technique used to
characterise pharmaceuticals [58, 59] and studgipllor chemical interactions between APIs
and excipients. It has been successfully used Faracterising the physical interactions
occurring between API and polymers [60-63], betwA&h andf-cyclodextrin [64], and acid-
base reactions between API and excipients [65464f,SSNMR has not been widely used,
however, in API-API compatibility studies.

The ambiguous reports regarding solid state forfnalsartan raised the question if the
solid state of commercially available valsartan tigly amorphous. In this dissertation
differential scanning calorimetry and solid-stat®IRl were used to characterise solid state of
two valsartan forms and two forms of bisoprolol anate and to evaluate their compatibility.

The main analytical techniques were supported therev appropriate, particle size and shape

13
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analysis, hot-stage microscopy (HSM), TGA, soluttate NMR, FT-IR, XRPD, and

dissolution studies.
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THEORETICAL PART

3 THEORETICAL PART

3.1 Introduction

Cardiovascular diseases (CVDs) are the disorderheaft and blood vessels and include
coronary heart disease, cerebrovascular diseasgheel artery disease, congenital heart
disease, heart failure and hypertension. CVDs aee af the major causes of death in both
developed and undeveloped countries [68, 69]. déistimated that 23.3 million people will die
from CVDs by 2030 [69, 70]. Hypertension is a sfigaint factor increasing the incidence of
stroke and coronary heart disease. Despite thenadsan the hypertension treatment in the last
few decades and availability of a wide variety ffeetive antihypertensive agents in many
patients the hypertension is still not adequatehtiollied.
Angiotensin Il type 1 receptor antagonists (&lockers, angiotensin receptor blockers,

ARBs or sartans) have been successfully used itr¢la¢ément of hypertension for nearly two
decades. The first sartan, losartan, was approwedthb FDA (S Food and Drug
Administration) in 1995. In 2011 the new ARB, azilsartan, wasrappd by the FDA and
introduced into the pharmaceutical market. Curyetitere have been 8 ARBs available in the
US and EU pharmaceutical markets, i.e.: azilsarizandesartan, eprosartan, irbesartan,
losartan, olmesartan, telmisartan and valsartarilsa@tan and olmesartan have not been
approved for marketing in Poland yet. Valsartan wpproved by the FDA in 1997. It was
discovered and initially manufactured by Ciba-Geigy

Beta-adrenoreceptor blocking agents (beta-blockanes)another class of drugs used in
the management of cardiovascular disorders. Theg haen used in the clinical practice since
the 60’'s of the 20th century. Currently there hasrbmore than 30 beta-blockers available in
the US and EU pharmaceutical markets. Bisoprolos wpproved by the FDA as a new

molecular entity in 1992 and manufactured by Durdfkarmaceuticals Inc.
3.2 Valsartan

3.2.1 Chemical structure and physicochemical properties

Valsartan, Figure 1, as most of the sartans, aostai its structure biphenyl component and a
tetrazole substituent, which was initially consgterto be essential for a pharmacological
activity [71]. Valsartan molecule contains chirantre and only pureS-enantiomer (or L) is
used as anR)-enantiomer (or D) has much lower pharmacologadivity [72]. Valsartan is

marketed as a free acid.
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THEORETICAL PART

Valsartan is a white amorphous powder and belongsldss |l Biopharmaceutics
Classification System (BCS; low solubility and higlermeability). Different polymorphic,
amorphous and partially amorphous forms were redoih the patent literature [73-76],

however, the crystal structure of highly crystadlivalsartan form has been relatively recently

patented [25] and published [26].
H3C
ijc CHg
N=—N o™ NL4O
[ p OH

N NH I

Figure 1. Chemical structure of valsartas[p-(o-1H-tetrazol-5-ylphenyl)benzylN-valeryl-L-valine
(M = 435.52 g mof).

Various analytical methods have been used to ctaise solid state of valsartan. Tran
et al studied the influence of various types of solsean the polymorphic crystallization
behaviours and dissolution rates of two sourcesatdartan by SEM, DSC and XRPD [23].
Although authors regarded obtained solid formsrgstalline polymorphic forms, XRPD data
suggest that most of the forms exist in the amanphsiate with different level of structure
arrangement and/or as a mixture of amorphous ayeadiine materials rather than in the truly
crystalline state. They found significant differeacin morphology, structure and dissolution
rates among re-crystallized samples. Shrivastavd eo-workers [24] reported DSC
thermogram of valsartan showing a single endotharda08 °C which was ascribed to melting
of the drug, however, they presented powder X-iffyadtion pattern of valsartan indicating its
amorphous nature. The crystal structure of highf)stalline valsartan and its ethanol solvate
have been relatively recently published [26], chemased by solid-state techniques (thermal
methods, Raman spectroscopy, FT-IR, XRPD, singystalr X-ray diffraction and dynamic
vapour sorption) and compared to commercially add non-crystalline form. Valsartan
crystallizes in an orthorhombic space grd®f2,2;. The unit cell contains one molecule of
valsartan in an asymmetric unZ € 4). The molecules of valsartan are connectediwia
hydrogen bonds associated with tetrazole ring, réigti The molecules of valsartan in the

crystal structure occurs inteans conformation in regard to the C(O)—-N peptide bond.

16



THEORETICAL PART

/
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\
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o

Figure 2. The sructure and hydrogen bonding «S)-transvalsartan isomer adapted from K[26]. Hydrogens ar
omitted for clarity
It was reported that in a solution valsartan existsvo conformationscis—trans) due
to interchange via rotation around the C—N peptide bon(77, 78].

3.2.2  Mechanism of actior

A rennin angiotensin system (RAS) plays an impdrtafe in the in the regulation of flu
balance and arterial blood pressure. A proteinaggree, rennin, cleavages angiotengen to
inactive decapeptide angiotensin I. Then, angigtehi&s converted by angioten:-converting
enzyme (ACE) into angiotensin Il. The final steptibé RAS cascade is the activation of
angiotensin Il receptors /£ anc AT, by angiotensin 1l[79, 8C]. Activation of the A’
receptors promote aldosterone secretion and sodaiemtion, resulting in elevated blo
pressure due to vasoconstriction. The functionial o the A1, receptors still remains uncle:
however, theres some evidence that simulation of , receptors caus vasodilatation thu
counteracting the vasoconstriction caused by tineution of the A", receptors[80-82]. The
sartan: are highly selective blockers for the ; receptors. The affinity for A; receptor is

1C 00C-20 000 times higher than for the ,, receptoi[81]. The rennin angiotensin cascade v
the drugs targets is shoun Figure3.
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Figure 3. The rennin angiotensin system with sites of bldekay ACE inhibitors and sartans. Modified from
Ref. [82]

3.2.3 Pharmacokinetic properties

The pharmacokinetic properties of various sartame generally similar. After oral

administration valsartan is readily absorbed asgldi/s the pharmacological action after a few
hours [83]. The oral bioavailability is low (25%)alsartan has a long duration of action which
allows for once daily administration and controlldod pressure for 24 h. Valsartan highly
bounds to plasma proteins with volume of distribatof 17 L. Valsartan is mainly metabolised

in the liver and eliminated by the bile or kidney/faeces and urine, respectively.
3.2.4 Pharmacological properties

Valsartan is mainly used in the treatment of hygresion as an alternative for ACE inhibitors
for patients who have to discontinue use of ACEihitbrs due to side-effect (dry cough)
caused by them. The ARBs unlike the ACEis do nhthin the breakdown of bradikinin and
other kinins, and thus are less likely to causeainygh as a result of this inhibition [80, 84].
Other indications include the management of healire, diabetic nephropathy and also may
be used after myocardial infarction and for rengdfdnction and/or microalbuminuria [80-82].
Furthermore, there are some studies indicatingilples$uture usage of the ARBs in the
treatment of the following conditions: diabetes lited, diabetic proliferative retinopathy,
glaucoma, atherosclerosis, cancer and lung disg&6ésUsual dose of valsartan is 80 to
320 mg orally as a single daily dose.

Valsartan is usually well tolerated and hypersétysiis rare. Caution is advised for

patients with renal artery stenosis, primary alelastism or hepatic impairment. ARBs should

18



THEORETICAL PART

be avoided during pregnancy and lactation. The-sffbets are comparable with placebo.
Symptomatic hypertension may occur particularipatient taking high dose diuretics. ARBs
appear less likely than ACE inhibitors to causegtouHyperkalaemia may occur, especially

when used with potassium-sparing diuretics. Angimogc oedema has also been reported.
3.2.5 Available valsartan preparations

Valsartan is formulated as tablets, capsules drsotation (Diovarf, Novartis Pharmaceuticals
Corp.). The generic formulations are also markefgehrt of single-ingredient formulations,
multi-ingredient preparations are also availablgaifble valsartan fixed-dose combinations
contain diuretic (hydrochlorothiazide, Co-DioVarNovartis Pharmaceuticals Corp.), calcium
channel blocker (amlodipine besilate, Exfdtghlovartis Pharmaceuticals Corp.), both agents
together (Exforge HCY, Novartis Pharmaceuticals Corp.) or rennin inbibi(aliskiren,
Valturnd®, Novartis Pharmaceuticals Corp.). Valtutveas discontinued due to adverse events.
Recently, New Drug Application (NDA) to the FDA fan fixed-dose combination of valsartan

and beta-blocker, nebivolol, has been submitteBdrgst Laboratories In{32].
3.3 Bisoprolol

3.3.1 Chemical structure and physicochemical properties

Most of the beta-adrenoreceptor blocking agentslarivatives of aryloxypropanolamines. The
chemical structure of bisoprolol is shown in FigueHigh cardioselectivity of bisoprolol
resulting from thepara substituent in the aromatic ring [85]. The hydrogyoup, which
appears to be essential for activity, confers @encibmpounds their optical activity. Bisoprolol
is marketed as a racemic mixture as a fumarate/Adtibugh, the activity of theSj-enantiomer

is about 30-80 times higher than that of tRednantiomer [86]. Bisoprolol fumarate is a white
crystalline powder and belongs to class | of theSBBigh solubility and high permeability) and
is marketed in its crystalline form [87]. The Eueam Pharmacopeia states that bisoprolol
fumarate exhibits polymorphism [88], however, refares to polymorphic forms could not be

found in the literature.
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H3C

Figure 4. Chemical structure of bisoprolol basdr§-1-((alpha-(2-isopropoxyethoxy)-p-tolyl)oxy)-3-
(isopropylamino)-2-propanol), with chiral centrendéed by asterisk (*)M = 325.44 g mof).

3.3.2 Mechanism of action

Beta-adrenoceptor blocking drugs block the betaiamheceptors in the heart, peripheral
vasculature, bronchi, pancreas, and liver thusedsing the excitability of the heart, decreasing
cardiac output and oxygen consumption, decreasiagdlease of renin from the kidney, and
finally lowering blood pressure. Bisoprolol highdglectively block$; receptors and does not

have any intrinsic sympathomimetic (partial aggrnstmembrane stabilising activity [89].
3.3.3 Pharmacokinetic properties

Bisoprolol is well absorbed from the gastrointeaititnact and oral bioavailability is about 90%.
Peak plasma bisoprolol concentrations are reach®d42h after administration. Bisoprolol is
about 30% bound to plasma proteins with an appantme of distribution of 3.5 L kg The
plasma elimination half-life is about 10 to 12 hHsdprolol is moderately lipid-soluble. It is
metabolised in the liver and excreted in urine, bl80% as unchanged drug and 50% as
metabolites [89].

3.3.4 Pharmacological properties

Bisoprolol is used in the management of hypertenaiod angina pectoris and as an adjunct to
standard therapy in patients with stable chronartiilure [90]. It is generally well tolerated
and most adverse effects are mild and transierd.rii&jor side-effects include: bronchospasm,
gastro-intestinal disturbances, bradycardia, stiisfurbances, fatigue or headache. Bisoprolol
has less effect on th@, (brionchal) receptors and is relatively cardioste but not
cardiospecific and therefore it has lesser effectimways resistance but it is not free of this

side-effect. The usual dose of bisoprolol fumaiateto 10 mg orally as a single daily dose.
3.3.5 Available bisoprolol preparations

Bisoprolol is marketed as a single-ingredient tabfermulation (Zebetd Duramed

Pharmaceuticals Inc.). Also, multi-ingredient fotation is available. The FDC contains
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diuretic — hydrochlorothiazide (Zi8c Duramed Pharmaceuticals Inc.). The generic
formulations of bisoprolol and its FDC are also ke#ed. Moreover, FDC of bisoprolol
fumarate and amlodipine besilate in the treatméhtypertension, sponsored by Merck KGaA,

is in the phase 3 of the clinical trial [91].
3.4 Solid state forms of active pharmaceutical ingrediets

3.4.1 Introduction

Oral administration of drugs is usually the preddriand also the most common route of drug
delivery. It is the most convenient route of admiirdtion for the patient and results in improved
compliance. It is estimated that approximately 884®f the active pharmaceutical ingredients
is formulated into solid dosage forms [1] and mijoof these solid dosage forms are tablets or
capsules. The solid oral dosage forms offer sonvaraedges over the other forms. The shelf-
life is longer than that for liquid forms as thecdons in a solid state are usually slower than
that in the solution. Moreover, tablets and capsal® easy to handle, store and transport, and
also they are the most economic solid dosage fewmsanufacture.

The oral solid dosage form is usually composed wb tcomponents: active
pharmaceutical ingredient and inactive adjuvanstarices known as excipients. Both APIs and
excipients may exist in a different solid statee™olid state can be classified into two major
categories: crystalline state and amorphous s&t€2-95]. If a solid exhibits long-range,
regularly repeating units, it is classified as tmgstalline materials. The crystalline materials
exhibit both long-range order (LRO, over 210 ~1G° atoms) and short-range order (SRO,
over a few atoms) in a crystal lattice. The disoedesolids which do not exhibit LRO, but may
possess some SRO are classified as amorphous atst&ince the different solid state forms
may feature different physicochemical propertiebe tsolid state characterisation of
pharmaceuticals is a very important matter frompgharmaceutical sciences and industry point
of view [8, 94, 96].

3.4.2 Crystalline and amorphous state

Crystals and crystal structures can be describdgdanterms:habit andform [95]. The habit
describes the overall external shape of a particerigstal. The crystal shape is a kinetically
controlled phenomenon and is influenced by thetalyzation conditions [95]. Examples of a
crystal habit include: aciruclar (needle-like), goniatic, pyramidal, tabular, equant, columnar

and lamellar typeshe crystal habit may have an impact on the phgsiemical properties and
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thus may have significance from both biopharmacautnd technological point of view [97-
101].

The termform refers to the internal crystal structure and desifrom the Greekorph
Hence, the termpolymorphismis defined as crystalline materials with the sarhenaical
composition, different lattice structures and/dfestent molecular conformations [8, 11, 94, 95,
102]. The difference in crystal structure is mostlyunction of thermodynamics. It has to be
noted that the differences in a habit or crystalrphology may not indicate different
polymorphic crystal structure [95As implied by the definition, polymorphism can bieided
into two categories: packing and conformationalypwrphism [11, 95, 96, 103]. In the
packing polymorphisngsonformationally rigid molecules adopt differergicging arrangements
[96]. For instance, packing polymorphism can beeobed in an anti-inflammatory drug,
nabumetone, where two forms (I and IlI) adopt simitelecular conformations but different
arrangements in the lattice. Form | assembles &ultte-tail manner whereas form Il packs in
tail-to-tail head-to-head fashion. The two arrangeta occur due two weak intermolecular
interactions especially C—H---O (form I) and C—ki{form II) [104]. In theconformational
polymorphismmolecules adopt more than one conformation in gbkd state [103]. For
example an antypsychotic drug, olanzapine, is kntwexhibit conformational polymorphism.
It was found that olanzapine can exists in threlgmorphic forms [105]. If the solid state is
composed from the molecules with the different @pnbtions such as geometric isomers or
tautomers the terraonfigurational polymorphisns used [94, 96]. However, because isomers
are essentially different molecules, the term pagwhism should not be applied in these cases
and is sometimes refers to gmrapolymorphism[94]. An example of configurational
polymorphism is a desmotropy (the existence of tatgsof a compound in two different
tautomers) [106]. A well-known example is Ablocker, irbesartan, where two crystal forms
due to tautomerism in the tetrazole ring were olg@i[27]. The crystalline solids where solvent
molecules are incorporated into the crystal latitca stoichiometric or non-stoichiometric way
are termedsolvates(hydrateswhere the solvent is wategplvatomorph®r pseudopolymorphs
[8, 11, 94, 96, 102]. It is generally not advisatdeuse the latter term [107]. The well-known
example of active molecules formulated as hydrates for instance, a drug used in the
dyslipidemia treatment, atorvastatine calcium wlfage [108] or a proton pump inhibitor,
pantoprazole sodium sesquihydrate [109]. If in ¢igstalline solid non-volatile molecule is
incorporated then the solid is termed @ascrystal [94, 110-112]. There have been many
examples of pharmaceutical co-crystals in the sifiefiterature [112], however, there is only
a few co-crystals APIs approved by FDA, for exam@ledrug used in epilepsy treatment —

Depakot& (the valproic acid cocrystal of sodium valprodf)3]. When an active compound is
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an acidic or basic it is possible to create a gdbout half of all APIs are marketed as salts
[114]. The main difference between crystalline sahd co-crystals is that in salts proton is
transferred from acidic to basic functionality bétcrystallization partner or vice versa, whereas
in co-crystals no such transfer occurs [115]. Selvaco-crystals and salts can exist as different
polymorphs. The schematic representation of diffesmlid state forms of APIs is shown in

Figure 5.

Polymorphs

—— . [ |

Solvates

Solid forms of APIs I’A I>A I’A I»A

Salts

Co-crystals

-

Amorphus solids

I Active molecule ’ Solven h Acid 4 Deprotonated alcl> otBnated active molecule Non-volatile molecu
Figure 5. Schematic representation of APIs solid forms. Medifrom Refs. [94, 116].

Amorphous solids differ from their crystalline caerparts in the order of the
molecular network i.e. they have no LRO but som&SRight exist [2, 3, 49]. Amorphous
materials are non-equilibrium systems and posségheh energy than their crystalline
counterparts. Amorphous active pharmaceutical gigres have been used in the development
of pharmaceutical solid formulations due to thalwvantages over crystalline forms such as
increased solubility, dissolution rate and as aseqgnence higher bioavailability [4-6, 117],
some mechanical properties of amorphous materiayg also be an advantage [117-120].
However, the drawback is that amorphous APIs atmllysless stable than their crystalline
counterparts [21, 49, 117]. Some amorphous exdipi@nd active pharmaceutical materials are
used in licensed drug products. The widely useahiorphous state excipients are, for example,
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polyvinylpyrrolidone (PVP), poly(DL-lactic acid) ocolloidal silicon dioxide [121]. A well-
known marketed amorphous APIs include: an ACE iidvip quinapril hydrochloride, a
leukotriene receptor agonist, zafirlukast or aniratrbviral drug, lopinavir [8]. Mostly, the
reasons for employing the amorphous APIs in licdngroducts, are the increased
bioavailability, instability of crystalline matetiar inability to crystallize the API [8].

One of the important differences in the physicalparties between crystalline and
amorphous materials is that the disordered mateld@s not melt and hence there is no
sharply-defined melting temperature. Instead, therahous solids undergo a unique transition
over a temperature interval. The transition frora tlgid glassy state to a more flexible and
more viscous form is termed agykass transitiomand the temperature over which this change
occurs is known as thglass transition temperatud@g) [8, 122].

Amorphous solid belowTy is called a glass or amorphous solid and above an
amorphous liquid or supercooled liquid. The proasssurs during heating the glass or cooling
supercooled liquidTy is typically approximately 2/3 of the melting teemptures expressed in
Kelvin (K) [123]. There are significant differencé&s the macroscopic and thermodynamic
properties such as viscosity, mechanical strengithalpy, entropy and volume, below and
above the glass transition [49, 117]. These chamagesf the results of different molecular
mobility below and above the glass transition [124]

The important issue related to the crystalline padyphic and amorphous materials is
their thermodynamic stability. The relative thermodmic stability of solid materials for a
transformation at constant temperature and pressuetated to their Gibbs free enerd@y) @nd
determined by thaG:

AG = AH — TAS (1)
where AH is the enthalpy difference between the forms, ctifig the lattice or structural
energy differences\S is the entropy difference between the forms, ctifig the disorder and
mostly lattice vibrations [11, 116]. Knowing thegabraic sign of Gibbs free energy allows for
stability prediction of a solid form i.e.. wheAG < 0 the transformation can occur
spontaneously, wheihG = 0 the system is in the equilibrium and wha > 0 the spontaneous
transformation is not possible under the specifiaditions. The differences between single
component system that exists in different solidestan terms of Gibbs free energy are shown in
Figure 6.

Polymorphs can be classified m®notropeswhere one form is more stable than other
at temperatures below the melting temperaturet@fsystem (for example, crystal A or C in
Figure 6), orenantiotropswhere the transition occurs below the melting terajpees of the

system (for example, crystal A or B in Figure 6).
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glass 1
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crystal B
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Gibbs free energy (arbitrary units)
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Figure 6. Schematic Gibbs free energy curves for a hypathksingle-component system that exhibits
polymorphism, pseudopolyamorphism and polyamorph@mstals A, B and C correspond to
polymorphs with melting temperaturd$, , Tm s andTy, ¢ respectively, and with a solid-solid
polymorphic transition temperatur€; (».5). Liquid 1 and liquid 2 correspond to two liquidth first-
order liquid-liquid true polyamorphic transitiomteerature ;) with polyamorphs glass 1 and glass 2
with glass transitions temperaturég, andT,, respectively. Glass 2 anddescribe glasses with
different processing and/or storage history showdiffigrent glass transition temperaturég andTg,

respectively (pseudopolyamorphs). Modified from REfs 11].

Polymorphic transitions and crystal-liquid phasmnsitions are classified &isst-order
phase transitionsThe first-order phase transition is a processrathethe first derivative of the
change in Gibbs free energy with respect to tentperas not equal zero [125, 126], i.e.:

6AG

T - (=AS) #0 (2)

In the first ordertransitions the first derivatives of free energg discontinuous at the phase
transition. The discontinuity of entropisS, leads to an associated exchange of heat, caled t
enthalpy of transition:

AH =TAS (3)
This enthalpy of transition is also callddtéent hedt since a small amount of heat exchanged at

the transition point does not induce any changbertemperature of the system. In practice the
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first-order transition will occur at the DSC expaént at a specific temperature and will be
independent of heating or cooling rate, althouglrirmental factors might result in an apparent
rate dependence [125].#econd-order phase transitidm a process whereby the first derivative
of the change in Gibbs free energy with respetiéostemperature is equal zero but the second-
order derivative is non-zero [125, 126], i.e.:

There is no enthalpy of transition associated wh#se phase transitions because the entropy
does not show discontinuity. The transition is wlefi as a step change in the heat capacity
(AC,) of a material as a function of temperature. Timpdrtant transition that is by some
authors considered as the second-order transgitmeiglass transition [125, 127]. Although, it
does not follow exact definition of the second-orttansition as the transition is gradual and
occurs over about 10 °C or more. In practice treation of the glass transition temperature
determined by DSC is a function of the experimeotalling or heating rate which reveals that
it is also a kinetic phenomenon; hence, againptioeess does not fit the strict definition of a
second-order transition definition [125, 128]. Henthe glass transition process is better
ascribed by the ternsecond-order-like transitiorf129]. The changes of thermodynamic

gquantities at first- and second-order transitiamssiown in Figure 7.

A B

Energy or Volume
Energy or Volume

‘ First-order transition T Second-order transition T

Temperature Temperature

Figure 7. Changes of Gibbs free enerdy)( enthalpy H), entropy §), volume /) and heat capacity at constant
pressure or volumeC, andC,) at (A) first- and (B) second-order phase trans#iol he heat capacity has
an infinite value at first-order phase transitiemperature whereas at second-order phase transitere

is no discontinuity irH, S V but a “jump” in the heat capacity is observed. pted from Ref. [127].

Several methods of determinifig by DSC are used. The most common choice is eftieer
onset or the point where half the chang€jmetween the level d@,(liquid) andCy(solid) atT,
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has been reached. These are useful characterstipetatures although both depend on
experimental conditions and there might be a dicpnit difference for aged and unaged
amorphous materials. A fictive temperatufe {s used to characterigg of aged materialsl;

has a thermodynamic basis in that it representpdimd of intersection of enthalpy curves for
the glassy and liquid states [122, 130, 131]. Tintkadpy of a glass depends on the method of
glass formation, a fresh, unaged (non-stored) diassa higher enthalpy than an aged (stored)
one, and thu3; shows no dependence on heating rate.

The physical ageing or annealing in the amorphoatenal i.e. structural relaxation
towards thermodynamic equilibrium as a functiortiofe [132] is also of a great importance
from pharmaceutical sciences and industry pointi@iv [133, 134]. The sample stored below
Tg, non-equilibrium state, undergoes physical ageittdow temperatures apparent equilibrium
is difficult to achieve as the molecular mobility low thus the time for observing physical
ageing may be long [132]. Different apparent efudi may exist belowl, depending on
thermal history and storage of amorphous matemal #us material might have different
physicochemical properties. At the temperature abvno physical ageing is observed as
molecular mobility is high and equilibrium is achésl rapidly.

The occurrence of polymorphism in the crystalliramnaceuticals and its impact on
physicochemical properties on API is well documdritethe pharmaceutical literature [8-11].
It is known that amorphous materials can have diffephysicochemical properties depending
on previous thermal history and time of storagastfiom the kinetic perspective it can be said
that amorphous glasses can exists in the diffddartic states, the terpseudopolyamorphism
or relaxation polyamorphisninas been used to describe this phenomenon [2ihdforore,
differences in the amorphous forms regarding stgbénd physicochemical properties,
obtained by various preparation techniques haven beeported for APIs [12-15].
Polyamorphismthe possible existence of two or more distincoghous forms of the same
compound separated by a clear first-order phasesitian has been reported for inorganic
compounds [16-18, 135] and discussed in the cowfigxharmaceuticals in the literature [2, 11,
19], however, there is no example of true polyarhmm in pharmaceutics. The differences
between polyamorphs and pseudopolyamorphs in tefmGibbs free energy are shown in
Figure 6. The relaxation polyamorphism is describgscurves “glass 2" and “glass”2
(second-order transitions) and the true polyamermphbetween two amorphous phases in the
supercooled or equilibrium liquid state is desaitty “liquid 1" and “liquid 2" where liquid-
liquid first-order transition occurs at the tempara transition T;). Similarly to the crystalline
state, amorphous materials may exist as solvatts, sco-amorphous systems or non-

stoichiometric amorphous polymer solid dispersidrgs-140].
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3.5 Selected techniques of solid state characterisation

3.5.1 Introduction

The solid form of an API or excipient can have gn#icant impact on the properties of the
final dosage form. When the active agent is un@eebbping process it is important to produce
it in a desired solid form in a consistent, purd agproducible manner. Furthermore, during the
formulation process the drug can change solid féonming other polymorph, solvate or
amorphous state [9, 141]. The scheme of criticatufecturing steps leading to a final dosage

form in which a solid state change might occuthigven in Figure 8.

Synthesis
Purification
Crystallization
Drying
Milling

!

Storage

Drug substance

+ Excipients
I T ; :
Mixing Melting Liquid Lyophilization
Granulation Dissolving Microspheres
Solid dispersions
Sieving Liposomes
PN
Tableting Fillingin  Semi-liquid Oralf Special
capsules  (creams, intravenous formulations
suppositories)

Processing, storage

Figure 8. Scheme of the critical manufacturing steps leattiniinal dosage formulation in which a solid state
change might occur. Adapted from Ref. [141].
Hence, the detailed characterisation of solid sttef a paramount importance. The suitable
and the most common techniques used to charactlgk state of pharmaceuticals include
[93, 94]:
e thermal analysis:
o thermogravimetric analysis (TGA),
o differential scanning calorimetry (DSC),
0 temperature-modulated differential scanning caletisn(TMDSC),
0 hot-stage microscopy (HSM);

e spectroscopic techniques:
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o0 Fourier transform infrared spectroscopy (FT-IR),
0 Raman spectroscopy,
0 solid-state nuclear magnetic resonance (SSNMR);
» X-ray diffraction techniques:
0 single-crystal X-ray diffractometry (SCXRD),
o0 X-ray powder diffractometry (XRPD);
e microscopic techniques:
o light microscopy (LM),
0 scanning electron microscopy (SEM);
* measurement of other physical properties:
0 solubility measurements,

o0 dissolution rate measurements.

3.5.2 Thermal analysis

Thermal analysis is a group of techniques in whiiok (or more) property of a sample
is studied while the sample is subjected to a ollett temperature programme [142]. The
properties studied might include almost every ptalsor chemical property of the sample, or
its product.

Thermogravimetric analysis (TGA) or thermogravimet(TG) defines any
experimental methods where changes in mass argasetect and to measure the chemical or,
less frequently, the physical processes that oarurheating the sample [125]. In the
pharmaceutical analysis TGA is used for the deteation of stoichiometry of solvates and
may also provide information about the type of bigdinvolved, on the basis of the
temperature at which the solvent is lost. Anothmpartant application of the technique is
investigation of the reaction kinetic. The TGA is@employed before any other thermal
methods are used, to determine a thermal degradatimt of the sample. A weakness of this
technique is that it does not provide informationtioe nature of the substance being lost or less
frequently bonded during heating, only the massngba are known. Therefore TG is
commonly coupled with other analytical techniqueshsas mass spectroscopy or infrared
spectroscopy to allow chemical identification oftlonaterial [143].

Hot-stage microscopy (HSM) or thermomicroscopy ig&hnique in which an optical
property of a sample is monitored, against the tatpre or time, while the temperature of the
sample, in a specified atmosphere, is programm28][TThe observation is usually conducted
by using polarised light microscope. Diagnosticgandies that can be determined employing
HSM include: melting point, crystallization, coldystallization, polymorphic transitions,
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decomposition, assessment of purity, desolvatiobljreation, and it can be used as a rapid and
easy way to establish the thermodynamic relatignbletween metastable polymorphs. In the
pharmaceutical sciences the HSM is usually usedHervisual confirmation of transitions
observed by other techniques such as TGA or DS€.HBM is widely used to characterise
polymorphic forms and transitions of pharmaceusidat identifying changes in crystal habit or
changes in light transmission or reflection asdediavith transition [94]. As a multi-technique
approach is needed for comprehensive charactemsati pharmaceutical solids’ physical
properties, the thermomicroscopy is a valuable dementary technique for a development of
new APIs.

As the DSC and TMDSC are the main solid state dbt@ngation tools used in this

work, both techniques are discussed in greateilsi@tadhe section 3.5.7.

3.5.3 Spectroscopic technigues

In the 1940s the first spectroscopic techniqueaaiel spectroscopy (IR), was introduced for
the physical characterisation of pharmaceuticaldsolMore recently, Raman and solid-state
nuclear magnetic resonance spectroscopy have Ipgdirchfor the solid state characterisation
of pharmaceuticals [93, 94, 144-146]. Infrared &ainan spectroscopy belongs to vibrational
spectroscopy techniques. They typically encompassviavelength range from 400-4000tm
for IR and 3600-10 cm for Raman spectroscopy. The IR region correspotedghe
fundamental vibrations of the molecular speciesl #rerefore many of the spectrum regions
can be assigned to the specific functional groRasnan spectroscopy involves measuring the
inelastic scattering of a coherent source of mormuhtic radiation by the sample. Because
both IR and Raman probe the fundamental vibratidregjuencies of the molecules, there is
some chemical information that can be obtained fepctra. The spectra are acquired using
either a dispersive (not common for IR) or Foutransform (FT) instrument. FT-IR is usually
employed to characterise polymorphs, amorphous daamd solvates/hydrates [93, 94, 144,
145]. The technique has also been applied to ghelinteractions between the components of a
formulation [93, 145, 147]. There are several attvges for using Raman spectroscopy for
characterisation of pharmaceutical solids. One mambd advantage is that this technique can
probe the lattice vibrations that are associateti @imolecule in the crystalline form. Lattice
vibrations corresponds to the translator and rotaation of the molecule within the crystalline
lattice which are typically in the 400-10 Thregion of the vibrational spectrum [144].
Although these modes can be covered by both IRRandan spectroscopy, these bands are
easier to study by Raman spectroscopy. Anotherradga of Raman over IR spectroscopy is
a minimum or no sample preparation. Also Raman areagents can be conducted on solids in
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an aqueous environment since water is a weak Ragwterer. Raman spectroscopy has been
used to characterise polymorphic and amorphousdafitAPIs and also to study interactions
and compatibility between APls and excipients [144]. Raman and IR spectroscopy are
complementary techniques.

As the SSNMR is the main solid state characteoratool used in this work, the

technique is discussed in greater details in tbese3.5.8.

3.5.4 X-ray diffraction

X-ray diffraction and X-ray crystallography haveesf been referred to as the gold standard in
the characterisation of pharmaceuticals in thedssiate [93]. X-ray diffraction is the most
common tool for the elucidation of three-dimensios@ucture of solid state and it is also
employed for fingerprinting and quantitative an@éybecause it is very sensitive to small
chemical changes. A crystal structure providesrmédion regarding crystal packing, hydrogen
bonding and structural conformation and therefom®vides information necessary to
understand the physical properties of the solitesta

Diffraction describes the scattering of waves (teoagnetic radiation with
wavelengths between T0and 10" m) by an object. The diffraction occurs at angles
corresponding to Bragg's law equation:

nA = 2dsiné (5)

wheren is an integer/ is the wavelength of the radiatiof,is the angle through which the
radiation is diffracted and represents the characteristic spacing distanc@eiditice. The
obtained data allow for solving of the three-dimenal arrangement of atoms in the unit cell.
Single-crystal XRD (SCXRD) is one of the most pofwktechniques to determine the structure
of the molecule in a crystal. It provides infornoatiabout molecular conformation and packing,
hydrogen bonding, presence of channels and sdlweation. In the pharmaceutical science it is
one of the most definitive technique for identifioa of polymorphs as each crystalline form
must have different conformation and/or arrangemehtthe molecules in the crystal
lattice [94]. The drawback of the SCXRD is thatrgstal of sufficient size must be grown to
determine the crystal structure what is not alwzyssible in practice.

The general principles for XRPD and SCXRD are #mes, except that the material for
XRPD is in the powder form. Since the majority olfiapmaceuticals are obtained as
microcrystalline powders, the powder pattern ofstheubstances is often used as a readily
obtainable fingerprint for determination of itsugttural form and is one of the most common
techniques used for this purpose in the pharmamdusiciences and industry. One of the
advantages of XRPD over other techniques is thednt differentiate compounds that may be
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very similar chemically, for example, may have vsiypilar Raman spectra, but XRPD pattern
will exhibit significantly different powder patternOther common applications include
quantitative analysis of polymorphic mixtures, cddtion of degree of crystallinity,

determination of the size of crystallites by measyupeak widths and, also, crystal structure
may be obtained using powder data [93, 94, 149%slammonly the XRPD is employed to
study interactions and compatibility between APH axcipients [147]. Variable-temperature
XRPD (VT XRPD) is a very useful, supporting techrecfor determination of phase transitions
(crystallization, polymorphic transition, amorptisa) or desolvatation during heating or
cooling examined material. VT XRPD can also be usedstudy accelerated stability of

formulated product [149]. VT XRPD is invaluable golementary method to TGA and DSC

analyses.
3.5.5 Microscopy

The microscopy has been widely applied for charsaton of pharmaceutical solids [93, 94,
150-153]. The main applications of microscopy ie fharmaceutical sciences and industry
include: solid state form analysis, particle sized sshape analysis and identification of
contaminants [151-153]. A particle size and shageimportant properties of solid APIs and
may have an impact on dissolution behaviour andoimsequence bioavailability [154, 155].
The microscopic methods can be divided into twoegaties: an optical microscopy and
electron microscopy. The first method probe the@anfeatures on the order of a micron or
larger and the latter on the order of sub-micramlleThe two methods are complementary and
can confirm the information provided by other sdidte analytical techniques.

The optical microscopy often referred to as thbtligicroscopy (LM). LM uses visible
light to examine the material. The microscope igally combined with polarizing filter to
analyse birefringence of the material. Optical wsoopy can provide information about
physical properties of different solid state formugh as refractive index, colour or extinction
angle. Other phenomena readily observable by LNMude particle size and shape, presence of
inclusion, twinning, crystal growth and dissolutionmechanical behaviour and mesomorphism
[94]. For example the polarised LM can be employedapidly distinguish between crystalline
and amorphous state as the amorphous state wiltlinptay birefringence. Also, LM is the
technique of choice for quick assessment of partiite, because the sample preparation is
quick and simple. However, it has to be noted thatrepresentative sample will give
nonrepresentative results. Thus, the sample primares the critical step for proper image
analysis. The sample must contain sufficient numobgrparticles to represent the size

distribution of the bulk powder. The reproducilyildispersion of particles in the powder is a

32



THEORETICAL PART

major challenge for image analysis. To overcomeatision reproducibility problem the fully
automated, light-microscope based image analysstersy (the Morpholo§i G3, Malvern
Instruments Ltd.) with a dry powder dispersing umits been relatively recently developed
[156, 157]. The analyser detects, lists and cl@ssibarticles by size and shape and is fully
automated thus no advanced knowledge and traisirgguired to operate the instrument.

A disadvantage of light microscopy is that it doed provide chemical information
about the investigated material. This drawback lmamvercome by combining LM with IR or
Raman spectroscopy [151-153].

The scanning electron microscopy (SEM) allows tkan@nation of the sample at
much higher magnification and resolution than passible by LM. The major benefits of using
SEM, which cannot be achieved by using LM inclugle upper magnification (about 250 000X
compared to about 1000X for LM), a large depthieldf (resulting in 3D image) and lateral
spatial resolution better than 3 nm (for LM 200 n®EM provides detailed information about
the morphology and the surface of the specimense @pplication of SEM in the
pharmaceutical sciences and industry is a routiieSEM is employed for examination of both
APIs and excipients in preformulation studies ofg&® materials and during the technological

processes in bulk materials such as tablets, patetpry-dried powders [151-153].
3.5.6 Measurement of solubility and dissolution rate

One of the most important physical properties didspharmaceuticals is solubility. The
solubility, i.e. the concentration of the dissolsalid (the solute) in the solvent medium (the
saturated solution), which is in equilibrium withetsolid at defined temperature and pressure,
depends on the solid physical form, the nature @miposition of the solvent medium, the
temperature, and the pressure [150, 158]. The #ityubf an API has direct impact on the
bioavailability of the formulated drug. Thus theluwlity of an API in a relevant solvent
medium is an important characteristic. There areehmajor methods to determine solubility:
“shake-flask” or batch agitation method, flow colunjgenerator column) method and the
synthetic method [150, 158, 159]. The solubilityacdubstance may be expressed in a variety of
ways i.e.: in terms of molality, normality, molgtipercentage or parts of solvent required forpare
of the solute. The latter one is used bylimited States Pharmacope(@dSP [160].

The dissolution rate is another important phygoaperty of a solid state. The dissolution rate
can be defined as the rate at which the thermodgnaguilibrium (thermodynamic solubility) is
achieved. Thus the dissolution rate is directlypprtional to its solubility and can be expressedhay

modified Noyes-Whitney equation:
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Dissoluti . _dm DA
issolution rate = T - n (

where: dr/dt is the rate of mass transferjs the diffusion coefficient is the surface area of the drug,

Cs - Ct) (6)

his the static boundary layé€l; is the saturation solubility of the dr@gis the concentration of the drug
at time ) [161, 162]. Solid state form (polymorphs, solgat@morphous state) is the major factor
determining dissolution rate, however, other inguarfactors influencing the dissolution rate can be
listed: particle size, pH, viscosity or wettabilify52].

Dissolution testing is extremely important duringgfprmulation, formulation and quality
control of both pure APIs and formulated solid desforms [163]. The methods can be categorised as
the flow-through column method (or the continudag+ffmethod; Figure 9) and the stirred-vessel
method (or the batch-type method; Figure 10) [183]. In the stirred-type, agitation is provided by
some kind of paddle or rotating disc whereas irctihemn method the solvent flows over the analysed
sample. Two major methods of dissolution testingdietermination of APIs dissolution rate exist:
apparent dissolution testing and intrinsic dissmiuesting [88, 150, 160, 163].

Apparent dissolution testing is mainly used to meitee the apparent dissolution rate (ADR) of
pure solid APIs or APIs in solid dosage forms sashpowders or granules [88]. The flow-through
apparatus used for ADR testing is shown in FigurEe8ts are performed in an appropriate dissolution
medium at constant flow rate, temperature, iom@ngth and pH. As the final concentration measured
using powdered sample is the equilibrium solubiiigd the initial stages of dissolution are strpngl

affected by the particle size and surface are@etissolving API, intrinsic dissolution testing sva

introduced.
Samp,
compartmen Glass beads
Ruby bead
_ Reservoir for Pump Thermostatically Collecting vessels for
dissolution medium controlled analysis
flow-through cell

and filter

Figure 9. Diagram of a flow-through apparatus used for deteation of ADR. Modified from Refs. [88, 150, 164].

The intrinsic dissolution testing is used to detrenthe intrinsic dissolution rate (IDR) of pure
solid API following compaction [88]. The formulati@f the disc allows for exclusion of impact of the
particle size on the dissolution rate. The testaisied out under specified experimental conditions

where the area of exposed sample is known. TheisD#Xpressed in terms of dissolved mass of

34



THEORETICAL PART

substance per time and exposed area usually ifgranitis or micrograms per minute per square
centimetre. Tests are performed by exposing aaunatea of API disc to an appropriate dissolution
medium at constant stirring rate, temperature ciatiength and pH [88, 165]. The IDR can be

determined using a following equation [166]:
cv
= —_—— = 7
IDR = —< = kC; (7)

whereC is the drug concentration at tirheV is the volume of the test solutioBjs the surface
area of the disds is the intrinsic dissolution rate constant, &ds the saturation solubility of
the drug. The batch-type apparatus used for ICiRggs shown in Figure 10.

I Shaft of a constant
speed

> //:IF Sampling tube

~— Dissolution vessel

—~—— Disk holder

Dissolving solid disc; one

face of surface are&)is

exposed to the dissolution
medium

Figure 10.Diagram of rotating disc batch-type apparatusiftermination of IDR. Modified from Refs. [88, 150,
165].

3.5.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is the masidely used of all thermal analysis
techniques. The earliest calorimetric studies veamgied out by Black, Place and Lavaoisier in
the 18" century on a water-ice system and also on guiig=tp determine the thermal effects
of living animals [142, 167]. The first commerciedlorimeter was introduced in the early
1960s [168]. Modern calorimetry has found many uisapplications mainly in the field of

polymer sciences, material sciences and pharmagyhlysic, chemistry, biochemistry, biology,
or food sciences have also significantly benefftetn the existence of DSC [125, 142, 167,
169-171].
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3.5.7.1 Standard differential scanning calorimetry

DSC is a technique in which the heat-flow rateat#hce into a substance and a reference is
measured as a function of temperature or time,enthié sample is subjected to a controlled
temperature program [172]. The temperature progreay be in the form of heating, cooling or
isothermal mode. The heating/cooling linear progimmostly used, given by equation:

T =Ty+ Bt 8)

whereT, is the starting temperaturtetjme and # the heating rate othe cooling rate.

Tr
o Ts
3
o
g melting ends
£ ATy
(]
R d \ ) )
melting begins
time
B A
2
k=)
o
(]
N
temperaturé

Figure 11.Plots showing (A) temperatures of sample (S) aference (R) as a function of time in DSC experiment
and (B) resulting from it changes of heat-flow rasea function of temperature. Modified from Refs.
[125, 167].
As no heat flow meter exists that could directlyasw@e the heat flowing into or out of
the sample, differential scanning calorimetry ubestemperature differencaTrs) developed
between the sampldd), and a inert referencé@y) for calculation of the heat-flow ratA@rs)

according to the equation:
d
Adgs = d—f = KATgs %)

where,Q is the heatt is the time and& is the Newton’s law constant. The typical DSC orse

to melting event is shown in Figure 11. Before ttermal event occurs, curve shows a baseline
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indicates the heat-flow rate (power) required isgdahe temperature of the sample in order to
follow with the programmed temperature mode, Figlid3. The thermal property of the
sample is described by its heat capac@y) (@nd as theC, represents the energy required to
raise a one unit of the material by 1 K usually regsped in J g ¥ the heat-flow rate is

a function of a heat capacity and can be deschlyeshuation:
dQ  dT

dt P dt

where, @)/dt is the heat-flow rate andTdtt is the heating ratef). This equation shows the

AP = (20)

simple relationship between measured by DSC heut-flate and the quantity describing
thermal property of the examined material — hegiacty. In practice, the baseline dose not
correspond to heat capacity due to some factorshadontribute to the baseline heat-flow rate,
thus proper calibration is necessary to measuve™ineat capacity of the sample.

There are two different types of DSC instrumengsathlux and power compensation.
The scheme of the heat flux DSC is shown in FidiA. The reference (R) and sample (S)
materials are placed symmetrically within a furnad#h thermocouples placed in close contact
to each other. The furnace-control thermocoupleckchehe furnace (block) temperatuie,
against the program temperature. Any differenaesisd to adjust the power to the heater. The
reference and sample should have the same hedbflilte same temperature difference from
the furnacel, — Tr andT, — Ts, henceATrs = Tr — Ts, proportional to the differential heat-flow
rate Adgy), i.€.:

dQ _
e ATggR™?! (12)

where, Q is the heatt the time andR the thermal resistance between the furnace and the
crucible [125, 167].

In the heat flux type DSC, the furnace is subjettethe temperature program, thus the

A(DRS =

temperature profile experienced by the sample isknown in advance, but is measured and is

determined after the experiment.

A B

sample reference
sample reference | |
1 ‘ 1 sANANAN\ AN 3
A AL R
2 2

Figure 12. Scheme of two types of DSC instruments: (A) haat DSC and (B) power compensation DSC.
1 = furnaces, 2 = thermocouple and 3 = platinuristasce thermometers. Modified from Ref. [125].
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The scheme of the power compensation DSC is shawfigure 12B. This type of
calorimeter uses two separate furnaces one forlsaamp one for reference. Both furnaces are
programmed to go through the same temperature rmandehe difference in electrical power
supplied to both furnaces is measured. In comparisothe heat flux instrument, in this
approach, the sample temperature is programmed shodild follow exactly selected
programme mode and thus the power compensatiomiroakers should provide for a better-
defined experiments [167].

In practice, both types of instruments are widedgdiand the performance in terms of
sensitivity and accuracy is very similar. As theveo compensation calorimeters have smaller
furnaces the higher heating and cooling rates eaadhieved, which can be an advantage in
some experiments. The heat flux calorimeters ma lieetter baseline stability as the single
furnace tends to be more robust than those in poarapensation instruments.

Using standard DSC all phase transitions thermédctef can be measured, both
endothermic (melting, chemical reactions) and exwatfic (crystallization, cold crystallization,
re-crystallization, chemical reactions), also glaassition temperature and heat capacity can be

obtained [167]. In more details application of stard DSC will be discussed in further section.
3.5.7.2 Temperature-modulated differential scanning calorimetry

Temperature-modulated DSC (TMDSC or modulated-teatpee DSC — MTDSC) is an
extension of conventional DSC and was introducedhi early 1990s by Reading [173].
TMDSC is a software maodification of standard DSGevehperturbation is superimposed to the
heating linear rise program [173-175]. In most esade sinusoidal mode heating program is
applied but sawtooth or other complex modulatiory ha used [176]. The simple sinusoidal
modulation program, shown in Figure 13, can be esged by equation:

T =Ty + Pt + Asin(wt) (12)

where T, is the starting temperaturg, the heating/cooling rate, time, A amplitude of

modulated temperature andits angular frequency.
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temperature

time

Figure 13.Plot of temperature as a function of time useéinperature programs for standard and

temperature-modulated DSC.

As a result of the temperature modulation the oleimodulated heat-flow raté(T, t), into
the sample can be described by the equation [177]:

d
Adgs(T, t) = d—(f =K (Tr—Ts) =@y + Agsin(wt — @) (13)
and can be divided into two parts and describethbéyequation:
dQ dT
—=C, — 14

where,K is the Newton’s constanf is the amplitude of modulated heat-flow rate,
andg is the phase shif@ is the heatC, heat capacity] the absolute temperatutethe time
andf(t,T) some function of time and temperature that govéie response associated with the
physical or chemical transition. TMDSC softwaredissigned to separate (or deconvolute)
different types of sample thermal behaviours issoaiated witlC, dT/dt andf(t,T) terms of the
above equation. The sample response to the liresinygy is different to that of the sinusoidal
heating. The tern€, dT/dt describes the modulated heat-flow rate assocwiticthe material’s
heat capacity i.e. the heat-flow rate associateld @riergy stored in the molecular motions such
as, for example, vibrations, rotations, conformadi@r translations. When the temperature is
increased by for example 1 K, more energy is storédese motions and when the temperature
is decreased again by 1 K exactly the same amdwneargy per mass unit is released by the
material. This phenomenon is calledversible processThe termf(t,T) corresponds to
a thermal event such as chemical reaction or gnthalcovery which are kinetically hindered
events and are regarded as, however with some tixagprreversible processef 25, 167].
The example of the deconvolution of the temperatooglulated heat-flow rate is shown in
Figure 14. The standard DSC would provide only taltheat-flow signal, the TMDSC
procedure allowed for clear separation of non-r&ngrand reversing signals, Figure 14B. The

separation of signals allows for observation of rtamgped events such as a glass transition
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process and enthalpy recovery or glass transitioocgss and cross-linking reaction in
a polymer [125, 172]. The glass transition is angfgain heat capacity thus is a fully reversible
process and depends only @p dT/dt term whereas the enthalpy recovery or cross-linking
reaction are kinetically hindered events as thesgsylasystem is in non-equilibrium state, and
hence there will be a tendency for enthalpy redactas a function of time toward the
equilibrium and the chemical reaction is also tioependant event arises because of the
formation of chemical bonds [125, 172] and thus associated withf(t,T) term of the

equation (14).
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Figure 14. TMDSC (A) raw data and (B) results of deconvolutionquench-cooled polymeric material. Kinetic
processes as enthalpy relaxation, cold crystaltlimair crystal perfection are separated from

thermodynamic processes as glass transition omgelhd appear on different signals. Modified from

Ref. [177].

Another technigue of TMDSC which allows for sep@nmat of kinetic and
thermodynamic processes is quasi-isothermal TMDQETMDSC) [167, 177]. Technique is
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especially useful for investigation of the glass amelting transitions in polymeric systems by
measuring only their reversing heat capacities [[1T8e Qi-TMDSC experiment involves
running the instrument with an underlying heatiaterof zero at a set temperature for a set

a time period, then heating or cooling by an inaatal amount [167, 177].
3.5.7.3 Pharmaceutical applications of differential scannitgy calorimetry

DSC is widely used in characterisation of pharmtcels, pure APIs or excipients and
formulated products as well [125, 143]. The follagithermal behaviour exhibited by single
components can be measured by DSC: melting, cligatédn, boiling, sublimation,
dehydration/desolvation, glass transitions and molphic transitions. One of the most
important pharmaceutical applications of DSC isd#ébn and characterisation of polymorphs,
solvates and hydrates. For example; Afitagonist drug, losartan, was characterised dayrthl
methods [28, 179-181]. Two polymorphs were fouridorm | and Form Il. During heating of
the Form | material converted into Form Il followdy melting process, and decomposed
immediately after melting, Figure 15.

exo up polymorphic transition—___

1" heating form T form I

o

melting and decompuswt\on’/

glass transition
cooling

N
'

Heat flow / W g‘*

2™ heating glass transition s

]
|
|

120 130 140 150
T/

3

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Temperature / °C

Figure 15.Standard DSC curves of crystalline losartan patassihowing 1 heating (polymorphic transition,
melting and decomposition), cooling (glass transithf amorphised material) antf'2eating (glass
transition and decomposition). No crystallizatisrobserved during heating or cooling run. Modified
from Ref. [181].

The solid—solid polymorphic transition of Form ItonForm Il is seen on the

non-reversing heat-flow rate, measured by TMDSCfinoing irreversibility of the transition,
Figure 16.
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Figure 16. Temperature-modulated DSC thermogram of losartawsimon-contribution to the reversing heat-flow
rate in the transition region of Form | — FormNlodified from Refs. [180, 181].
Study by quasi-isothermal TMDSC confirmed irrevieitty of the solid—solid
transition and shows a small contribution of rewgrdeat capacity in the melting transition at

much lower temperature than for standard DSC aisalygjure 17.
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Figure 17.The comparison of the reversing heat capacityiodtafrom quasi-isothermal TMDSC with the total heat
capacity obtained from standard DSC analysis fartas potassium. Qi-TMDSC confirmed irreversible
process of solid—solid transition and showed a lsoaaltribution of reversing heat capacity in thelting

transition at much lower temperature than for stadddSC analysis. Modified from Ref. [181].

Calorimetric methods can also be employed for dietecand characterisation of
pharmaceutical glasses [49]. The most importardrpaeters of the amorphous material are the
glass transition temperature and change of heatcdgAC,) between the level of liquid heat
capacity,Cy(liquid), and solid heat capacitgy(solid), atT,, TMDSC is the method of choice
for characterisation of the glass transition. Theleoular mobility and physical ageing or
annealing in the amorphous material i.e. structwelbxation towards thermodynamic

equilibrium as a function of time [132], are alsgpiortant phenomena from the pharmaceutical
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sciences and industry point of view [6]. For examlyda and Wunderlich [182], studied glass
transition of an polymeric excipient, poly(lacticid) (PLA), by TMDSC. The kinetic and
thermodynamic processes were separated in the glassition region of an amorphous
material. The total apparent heat capacity in thesgytransition region results from an
overlapping of the enthalpy relaxation and a stbepnge in the heat capacity. In order to
separate the two phenomena, the standard TMDSCapalged. Figure 18A-C display the
results from TMDSC in the form of the total, revags and non-reversing heat capacities of
poly(lactic acid) respectively. Figure 18A illustrates the total theapacities, measured on
heating for the samples with different thermal drigts introduced by cooling from 373.15 to
283.15 K (100 to 10 °C) with cooling rates fromKenin™ to 0.1 K min*. The results show an
overlapping of the simple changes of the heat dgpangoing through the glass transition with
changes due to the enthalpy relaxation. The totalk lcapacities were, next, separated into
reversing and non-reversing heat capacities, usidgconvolution and results are presented in
Figure 18B and C, respectively. The evolution of thlass transition temperature from the
reversing heat capacity varies with the prior aupliates is presented in Figure 18B. Figure
18B shows that the glass transition temperaturth@fannealed PLA samples shifts to higher
temperature after cooling with a lower cooling ratke enthalpy relaxation was evaluated from
the non-reversing component, as presented in FitEe The enthalpy relaxation peaks shift to

a higher temperature for more slowly cooled PLA.
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Figure 18.(a) The total, apparent, (b) reversing, and (c)-reversing heat capacity of an amorphous polyjflact
acid) for standard TMDSC. Adapted from Ref. [182].
DSC is also used to study compatibilities betwerrgdirug and drug-excipient [41,

47,51, 52]. This application has been briefly désed in the chapter 3.6.
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3.5.8 Nuclear magnetic resonance

Since the first observation of proton magnetic neswe in water [183] nuclear magnetic
resonance (NMR) has grown from study of an intérggbhysical phenomenon to be the most
powerful analytical method. The first high-resabuti proton NMR spectrum of ethanol,

published in 1951 [184], clearly demonstrated hber features of an NMR spectrum could be
directly related to chemical structure, and sir@ntNMR has been one of the most important
tool for elucidation of molecular structure for argc chemists. Nowadays the NMR has been
applied for a wide variety of fields such as cheamijsbiology, pharmacy, physiology, food

sciences or medicine [185-191].
3.5.8.1 Basic theory of NMR spectroscopy

In quantum mechanical terms an atomic nucleus #&aterised by a nuclear spin
number| referred to asspin Nuclei can have integral, half-integral or zeminsquantum

numbers. Nuclei with zero spin quantum number pasenuclear spin and therefore cannot be
observed by NMR. In this work only commonly obsehMR nuclei withl = % such asH,

%C or N will be discussed. A spinning charge with nonezérresults in generation of
magnetic moment. There are only 2 1 possible values of magnetic quantum number
orientations, defined by the magnetic componenthtyuma numberrty). These are termespin
states Outside a magnetic field§ = 0) both quantum states are equivalent. In tiesamce of
magnetic field, the states have different energghamsvn in Figure 19. The effect of the static
field on the magnetic moment can be describedringeof classical mechanics. The magnetic
moment has vector properties i.e. it has directioth magnitude. A static magnetic field applied
to the nucleus causes it to precess at a rate depemn the field strengthBf) and the
magnetogyric ratioyj of the spin. The field is conventionally appliaetbng thez-axis of

a Cartesian co-ordinate frame and the motion ohtlieus represented as a vector moving on
the surface of a cone. This motion is referred soLarmor precessionThe rate of the
precession as defined by the angular veloaityin( rad s* or v in Hz), known as d.armor

frequencyof the nucleus, and can be expressed as:

wNMR = —YBo (15)
or
VNMR = 2110 (16)

The nuclear magnetic resonance occurs when thechpimges the state, driven by the

absorption of a quantum of energy. This energypigliad as an electromagnetic radiation,
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whose frequency must match that of the Larmor msoa for the resonance to occur. The

energy required is:

hy By
2m

whereh is Planck’s constant. The difference in an endxgiyveen two spinsAE) plays

(17)

AE = thMR =

an important role in NMR spectroscopy. As seenguation (17) increasing the applied field
(Bg) results in a greatekE and hence generates stronger NMR signal. For examubdern
NMR spectrometers currently use field strengthsai21.1 T which correspond to resonant

frequencies up to 900, 226 and 91 MHz'dr **C and"N nuclei, respectively.

m =% (3)
a . //”
= =2 // _
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Figure 19.Energy levels of an isolated spﬁrsHates in the absencBy(= 0) and presence?{+ 0) of an external

magnetic field (assumeg> 0).
3.5.8.2 Solid-state NMR

Solution-state NMR spectra contain a series of \&fgrp, highly resolved signals due to the
rapid molecular tumbling which averages anisotroparientation-dependant) NMR
interactions. In solid-state NMR (SSNMR), spectoatain broad resonances as the molecular
motions are very limited and anisotropic interatsi@re observed in the spectrum. The major
causes of line broadening are dipolar couplings ahdmical shift anisotropy (CSA).
Furthermore, the lack of molecular motion resuitéong values of spin—lattice relaxation time
(Ty) increasing the amount of time needed for expertm& number of special techniques has

been developed to overcome these difficulties.
3.5.8.2.1 Dipole-dipole interactions

Dipole-dipole interactions or dipolar couplings améeraction through space between two or
more nuclear spin dipoles, Figure 20. The magnatenent of one nucleus will affect the

neighbouring magnetic field of another nucleusa solution, dipolar couplings are averaged to
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their isotropic value, zero, by fast moular motion. In a solistate these are a major caus:

line broadenin(

Figure20. Interaction between two dipol

For a pair of two different spi at high magnetic fie the dipolar energ can be
expressed &

h™'Ep = —Digmymg(3 cos? 6 — 1) (18)

whered is the angle between the internuclear vector aadrihgnetic fielc m andms are the

magnetic quantum numbeth is Planck’s constant anDs is the dipolar coupling consta

between spins | and

_ h Hoy _3
Dis = y1vs (4_112) (E) ns (19)

wherey, is the vacuum permeability constant. It is seemfemuatior(18) that dipol¢«
dipole interaction depends on the orientation af thipoles. In a single crystal with o
orientation of dipolar vectors a single set of reswes will be observed. In case
polycrystalline powders containing particles with@bssible orientations of the dipole distal

the spectra will be observed as Pake double, Figure21A.

[}

Figure 21. (A) A schematic heteronuclear dipolar powder pat{®ake doublet) and (B) two powder patte

subspectra for different values of magnetic quantumber m)).
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3.5.8.2.2 Chemical shift anisotropy

The nucleus of molecule placed in a magnetic figlchagnetically shielded by the presence of
the electrons, leading to a shielding ficdd,as expressed by the equation:

Bs = —0B, (20)
where By is the applied magnetic field aredis the shielding tensor. This secondary field
contributes to the total field felt at the nucleasd therefore affects the resonance frequency of
the nucleus. This interaction depends on the aimm of the molecule with respect to
magnetic field and is referred to ekemical shift anisotropyCSA). In a solution, the rapid
motion of molecules averages the CSA to zero arg arsingle isotropic chemical shift is
observed. In the solid state molecules are relgtivgid and their orientation is fixed leading to
a distribution of the chemical shifts known ap@wder patternsFigure 21B. The shielding

anisotropy has an orientation dependence of {8co4).
3.5.8.2.3 Magic-angle spinning and high-power proton decoupfig

Dipolar and chemical shielding interactions botle @lependent on the orientation of the
molecules. In solution, only the isotropic chemishift is observed. In solid effects of dipolar
coupling and chemical shift anisotropy give risdite broadening. All of the internal NMR
interactions depend on:

(3cos?28 —1) (21)
Spinning the sample about an axis inclined at agleghto the applied magnetic field, Figure
22, averages expression (21) to some extent aneftine allows for significant reduction of the
orientation dependence of the solid [192, 193]. aherage of3 cos? § — 1) about the conical

path for the vector is given as:
1
((3cos?6 —1)) = 5(3 cos?f —1)(3cos?0 —1) (22)

wherep and @ are defined in Figure 22. The contribution frone themical shift anisotropy
and dipolar coupling can be eliminated when expoes@1) equals zero. This can be achieved
when the value of a spinning anglés 54.74°, thanagic angle Spinning sample at 54.74° with

respect to applied magnetic fieByis termed asnagic-angle spinningVAS).
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Figure 22. Schematic representation of the m-angle experiment. The sample is spun in a rotouadapinning

axis orientated at the magic ancf = 54.7«°) with respect to the applied magnetic fie5). Adaptec

from Ref.[58§].
The rate of the MAS must be equal to or greaten tttee magnitude of the anisotro|
interadion to average it to zero. If the spinning ratéess than the magnitude of the interac
spinning sidebands becomes visible, separated doyatie of spinnir, Figure23. To remove
these spinning sidebands artefacts, which can avevith spectrum resonances and rein
confusing speca, different approaches are developed. One simple twaemove spinnin
sidebands is to increathe spinning rate. At the moment, speeds of 80 kHzaahsevable witt
rotors of 1.0 mm diamet{194]. However, it is not always possible to spin sangtlsuch hig}
rate. Alternatively a pulse sequence developed by Di[195] known as TOtal Suppresion
Spinning Sidebands (TOSS) allows for effective sappion ofthe spinning sidebands. Th
method uses a series of 180° jes at precisely placed points in a period prioca¢quisition.

Usually four 180° pulses are used with phase cgdlincompensate for pulse imperfectis
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Figure 23.Solid-state*C NMR spectra of losartan potassium recorded with MASifferent spinning rate from

0 to 10 kHz. All spectra obtained at 125 MHz witbss-polarisation and high-power proton decoupling.

128 scans were acquired for each spectrum. Asseffsklenote spinning sidebands.

The homonuclearfi—*H) and heteronuclear dipolar interactions (for egm°C—H

or ™N-'H) can be very strong, up to tens kHz. Thus dipdilgsle interactions cannot be fully
removed by the MAS technique. Homonucl&dr'H dipolar couplings causes extensive line
broadening when observingH nucleus. The most observed nuclei by SSNMR in
pharmaceuticals aréC and*N. Homonuclear®*C-*C andN-""N interactions are not an
issue because of the improbability of two nuclénbeclose in space. However, the problem of
heteronuclearC(**N)-*H dipolar couplings still remains. To overcome ttigeraction
high-power proton decoupling (HPPD) technique isdugL96, 197]. The radiofrequency (RF)
pulses with a nutation frequency greater than fpele interaction are applied on the proton

channel, whilst acquiring on the carbon channek €ffect of the RF field will decouple the
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proton from the carbon (nitrogen). Common decoupliequired are continuous-wave (CW),
two-pulse phase-modulated (TPPM) or SPINAL-64 deting pulse [58, 198, 199].

3.5.8.2.4 Relaxation times

The NMR spectrum is acquired by recording the raspoof bulk spin magnetisation to
radiofrequency radiation. Pulses of radiation aseduto excite range of frequencies. The
resulting signal is a time response, termeftesinduction decayFID) [58].

The magnetic field is applied in the direction. The radiofrequency tilts the
magnetisation towardsy plane, with detection also occurring in theplane. After excitation,
the net magnetisation of the spins grolf) Will return to its equilibrium state. The procesfs
regaining equilibrium is referred to esdaxation In a solid-state NMR two relaxation times are
of particular interest i.espin—lattice relaxationand spin—lattice relaxation in the rotating
frame

Spin-lattice relaxation (or longitudinal) descrilitke process of regaining equilibrium
of the z component ofM after disruption. This process can be expressethéyfollowing

equation:
M, (6) = [M,(0) = Mo exp () + My (23)

whereMy is the equilibriumz magnetizationM,(0) is the magnetisation in ttzedirection after
the disruptionT; is the time constant for the relaxation, Figure P4eT, is referred to as the
longitudinal or spin—lattice relaxation timeln homogenous systems spin—lattice relaxation
process is generally mono-exponential. Theelaxation time is sensitive to motion processes
of the order of 100-500 MHz [200].

M,{t) = [MA0) - Mglexp(-t/T1) + Mg

M,(0)

Figure 24. Thez-magnetization change after a RF pulse as a funofitime (f). Thezmagnetization returns from
M,(0) to Mo following an exponential law. The time constanttef exponential function i% referred to

as the longitudinal or spin—lattice relaxation time
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Spin-lattice relaxation in the rotating frame déses the equilibration of transverse
magnetisation along the radio-frequency fieRl, of an applied spin-locking pulse in the
rotating frame of reference. The spin—lattice raten time in the rotating fram@x,) is similar
to T, but it describes relaxation along the radio fremyefield of the pulse (static in the rotating
frame) rather than relaxation aloBg. TheT,, relaxation time reveals motion processes of the
order 20-100 kHz [200].

3.5.8.3 Solid-state NMR experiments
3.5.8.3.1 Direct excitation

The simplest method for exciting nuclei and obtainspectra in SSNMR is the experiment
consisting of a 90° pulse followed by the detect@nsignal (acquisition). This method is
known as a direct excitation (DE), direct polaii@at(DP), pulse-acquire or single-pulse
excitation (SPE). DE experiments allow for quickestion of mobile components by changing
recycle delay. A long recycle delay applied shoWdhe species in a system whereas short
recycle delay show only the species with shoFieralues i.e. mobile parts of the systéimfor
some groups may be long thus DE experiments mightnbe-consuming due to long recycle

delay required.
3.5.8.3.2 Cross-polarisation

The cross-polarisation (CP) is a technique whidbwa the transfer of magnetisation from
abundant nuclei to dilute nuclei [58, 201, 202]eTimatural abundance of the most common

used nuclides is shown in Table |I.

Table I. The spin properties of commonly used in pharmacalianalysis spiri—nuclides. The relative receptivity

gives measures of the intensities to be expectativeto those for the proton. It is proportiotal

Pl + 1)x [58].
Natural abundance ) Magnetogyric ratio (y) Relative receptivity vs.'H
Isotope [%] [10" rad s* T7Y (D")
H 99.9885 26.7522128 1.000
e 1.07 6.728284 1.70x 10°
N 0.368 —2.71261804 3.84x 10°
F 100 25.18148 0.834
3p 100 10.8394 6.65x 107

The CP experiment usually involves transfer of riegnetisation from abundant spin

(1) (*H or occasionallyF, *'P) to rare nuclei (S) lik&C or**N. The aim of this technique is to
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improve the sensitivity and reduce waiting timewss#n successive experiments. The signal
enhancement is by a factor equal to magnetogyeiorfd"/y°) which is 4:1 and 10:1 fdH and

3c and'H and™N nuclei, respectively. This allows for reductidmé in experiment 16- or
100-fold, respectively, assuming 100% magnetisatioransfer. The efficacy of
cross-polarisation depends on sample nature andexperimental conditions. Because the
magnetisation originates frothl nucleus, the recycle delay is limited by the kesy of the'H
magnetisation and not that of the S spin (usua@yor *°N). Therefore the pulse delay depends
on spin—lattice relaxatiof;” and notT,°. Usually T;" << T,° thus the pulse sequence can be

repeated faster than in DE experiment and incrénessignal-to-noise ratio in the spectrum.

90°
1 decouple
spin-lock
S
contact o
contact time acquisition time

Figure 25.The cross-polarisation pulse sequence. Adapted Ref. [58].

The CP pulse is shown in Figure 25. The initial 88 pulse is applied at the proton frequency
rotates théH magnetisation onto theaxis. Then the proton magnetisation is spin-lodkettie
y direction. During the spin-lock period RF is applisimultaneously at the S frequency. The
time when these two pulses are applied is terroedtact time (CT). To achieve the
cross-polarisatiotH and S RF fields must fulfil the Hartmann-Hahn chatondition:
y"Bl' = v°B? (24)

whereB," andB,® are magnetic field strengths appliedtband to the S nuclei and andy®
magnetogyric ratio ofH nucleus and the dilute spin, respectively.

The CP pulse sequence is generally used with MA8& HRPD which allows

high-resolution spectra to be recorded.
3.5.8.3.3 Dipolar dephasing

The dipolar dephasing (DD, also known as an inptedl decoupling or non-quaternary
suppression, NQS) pulse sequence is similar toe§Bemce but contains a delay tinsgwhere
'H decoupling is turned off before acquisition, Fgw6 [58, 202, 203]. Turning off the

decoupling connects the S (usudfig or *°N) magnetisation of protonated nucleus to the large
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proton spin bath. Thus any signal originating frepecies strongly coupled to proton decays
faster than species weakly coupled to proton. Vhe&al values of delay time for carbon are
40 ps and 200 ps for nitrogen. The DD experimenséed to distinguish quaternary carbons or
tertiary nitrogens from protonated ones in the @aystTo avoid the need for large first-order
phase correction the rotor synchronised 180° pastie X channel is applied, which refocuses
the signal. DD technique is widely used to simptfifie °C spectra, however it is not always

efficient with N [204] thus other spectral editing techniques migghmore useful.

90°

I decouple

180°

S
7 T,
contact ! r %———

Figure 26.The dipolar dephasing pulse sequendgithe delay time (dephasing delay) anid the rotor period.
Adapted from Ref. [58].

3.5.8.3.4 Inversion-recovery

The inversion-recovery (IR) technique allows nudlesually **C or °N) to be distinguished
depending on their proton environment [205-207]e Bmly difference compared with the CP
pulse sequence is the introduction of a phase sisveiduring the contact time, Figure 27. The
dynamics of inversion during contact time depemdngtly on the 1-S dipolar coupling. As the
abundant spins are usually protons, the sequenceeng sensitive to the local proton
environment and molecular motion. The main advantagr the dipolar dephasing experiment
is that the magnetisation starts from an optimutaejathen decreases and becomes negative
with increasing inversion timerf thus it is easy to visualize the differently mnod&ted nuclei in

the system.
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X

Y Y
I decouple

Y -Y
S

T o e
contact time inversion acquisition time
time

Figure 27.Inversion-recovery cross-polarisation pulse seqeeAdapted from Ref. [205].

3.5.8.3.5 Spin—lattice relaxation time experiments

For the spin—lattice relaxation in the laboratagnie, i.e. relaxation of magnetisation along the
field By, there are four common methods:

e inversion-recovery,

* saturation-recovery,

* inversion-recovery with cross-polarisation,

e “Torchia” method [58, 208, 209].

The inversion-recovery method utilizes pulse segeaonsisting of 180° pulse which

rotates the magnetisation. Then at a timéater, a 90° pulse creates an FID which is
representative of the value bf(z), Figure 28A. The magnetisation recovery is fittedthe

equation:

M(t) = My |1 — 2exp (;—:)] (25)

where M(7) is the height of the selected peak afterariable delay lengthdyl, is the signal
height wherer = 0. The inversion-recovery method provides a laigmal range, from fully
inverted to fully positive, but the disadvantagehat the recycle delay must be at ledkt t®
allow the system to fully relax between repetitions

The saturation-recovery pulse sequence consisess#ro0° pulses which saturates the
spins. Then after a recovery timg, (a further 90° pulse produces an FID, Figure 28Be

magnetisation recovery is fitted to the equation:

M(t) = My (1 —exp (;—:)] (26)

This sequence is particularly useful when spinielattelaxation process is inefficient i.e. for

long T, relaxation time values.
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Inversion-recovery with cross-polarisation sequemeasured;" indirectly through an

S nucleus spectrum, Figure 28C. The “Torchia” metlatso utilizes cross-polarisation and

allows for measuring:®, Figure 28D. The delayhas to be usually extended to long time, but

the advantage of using CP, making this methodlasir dilute and slow relaxing nuclei. The

magnetisation recovery is usually fitted to theadopun:

M(t) = My exp (;—:)

(27)

However, as there is il decoupling applied during the variable delay tevent damage to

the probe, relaxation behaviour measured by thithode may be non-exponential due to

potential for cross-relaxation involving botil and S nuclei, thus the analysis might be

complex.

180°

90°

90°

180°

90°

90°

I
[

L

1 | 90°

90°

-X

90°,

o

Figure 28.Pulse sequences used for measuring spin—lattexaat®on times: (A) inversion-recovery, (B)

saturation-recovery, (C) inversion-recovery withss-@olarisation and (D) “Torchia” method. Adapted

from Ref. [58].

3.5.8.3.6 Spin-lattice relaxation time in the rotating frameexperiments

For the spin—lattice relaxation in the rotatingriea(T,), there are three common methods:

e variable spin-lock,
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e delayed contact,

e variable spin-lock with cross-polarisation preiara[58].
Variable spin-lock pulse sequence is shown in E@9A. In this method spectra are recorded
as a function of the spin-lock time.

By incorporating a cross-polarisation st&p," can be indirectly measured through an S
nucleus spectrum. The method is known as a delagathct and is shown in Figure 29B.
Another method of measurirTgpS using CP is to employ pulse sequence shown inr&igacC,
where a variable spin-lock RF field is used anag®gponential decay curve will be observed as
RF becomes longer in duration. Proton decouplingoisapplied during the variable delay to
prevent unwanted CP and thus cross relaxation miamplicate data analysis.

The magnetisation decay in all pulses can be fttigtie following equation:

M(z) = M, exp (_—T> 28)
Tip
where M, is the initial magnetization and spin-lock time. With all7:, measurements it is

important not to use too long spin-lock pulseshishay damage the probe.

A
90°,
spin-lock,

B

I jo90°

S T WI'
C

I |90°

T

s *M___

Figure 29.Pulse sequences used for measuring spin—latteeat®on times in the rotating frame: (A) variaksigin-

lock, (B) delayed contact and (C) variable spirklagth cross-polarisation preparation method. Addpt
from Ref. [58].
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3.5.8.3.7 Heteronuclear correlation experiments

To assign complex 1D spectra and/or to obtain &rrthformation about the structure of the
system, 2D experiments can be performed. The Haielear Correlation experiment
(HETCOR) correlates the carbon or nitrogen spectuitim the high resolution proton spectrum
[58, 210]. As'H spins are strongly coupled, obtaining useful ket@m in the'H dimension
may be difficult. Usually homonuclear decouplingniseded in order to narrow the abundant
spin linewidths. Spin diffusion occurring duringetbross-polarisation will also compromise the
correlation information in the final spectrum. Tewrrelation is obtained wheil and S nuclei
are dipolar coupled; it is therefore a through-spearrelation. Using a HETCOR experiment
with short contact time, a 2H—S dipolar correlation map is obtained with catieins present
between S resonances and the protons to whichatieeyost strongly dipolar coupled. If longer
contact time is used, more correlations will appessulting from longer range dipolar
couplings andH spin diffusion. To reduce impact of spin diffusion correlation experiments
the Lee-Goldburg CP (LG-CP) sequence is often epeplo LG-CP suppresses the
homonuclear couplings while maintaining polarisatida the heteronuclear couplings. The
HETCOR experiments are typically acquired with fregcy switched Lee-Goldburg (FSLG)
decoupling [211, 212] and during the S nucleus &itipn the protons are decoupled from S
nuclei using TPPM decupling. The pulse sequenc&&G HETCOR experiment is shown in
Figure 30.

360°  360°
%E
+
o ~ALG | +ALG s
| o < - TPPM
+Y X X -y —X

8 Cp Wﬁ

Figure 30.Pulse sequence used for FSLG HETCOR experimentsddugence starts with with a (1808), pulse
on the protons, directly followed by a train ofdtency- and phase-switched Lee-Goldburg pulsédsein t

xzplane After the evolution period, the proton magagion is turned back by a single magic anglg (
y pulse, which will reverse any component perpendictd the Lee-Goldburg pulse back into kye
plane, and which will bring the spin-locked compuainglong the LG-pulse back to thexis. Adapted
from Ref. [211].
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3.5.8.4 Pharmaceutical applications of solid-state NMR

Approximately 80-90% marketed drugs are solidstand solid state characterisation of API,
excipients and formulated products plays importesie during both preformulation and
formulation stages of drug development. SSNMR i®a-destructive, powerful technique for
obtaining structural and dynamic information oridgpharmaceutical systems [58, 190, 191].

One of the most important pharmaceutical applicatiof SSNMR is characterisation
of APIs polymorphs. Both crystalline and amorphsystems can be investigated. For example,
Raghavaret al investigated losartan potassium solid state fousing DSC, FT-IR, Raman
spectroscopy, XRPD and SSNMR [28]. They found tlesartan undergoes enantiotropic
polymorphic transition during heating. The chemishift on**C CP MAS NMR spectra of
Form |, low-temperature stable form, and Form lighhitemperature stable form are
significantly different, Figure 31. It was foundathboth forms have differences in molecular
packing in the respective unit cell. In the Forméthyl of n-butyl signal splitting suggests the
presence of more than one orientation forrtimutyl side chain in the unit cell whereas in the
From 1l no such splitting is observed suggestingtthn the unit cell only one
crystallographically unique molecule existed.

A

180 160 140 120 100 80 60 40 20

.

T T T T T T . T T
180 160 140 120 100 80 60 40 20
3 | ppm

Figure 31.1%C CPMAS spectra of losartan potassium, (A) Form | @jo=orm II.
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Matsunageet al. characterised by DSC, FT-IR, XRPD and SSNMR twtymporphs
and an amorphous form of another sartan, candesziféxetil [29]. The™*C CP MAS SSNMR
spectra clearly distinguished these three form® @ resonances of amorphous form were
significantly broader than those of crystallinenis; as a result of the distribution of local
environments and hence dispersion of chemicalsshiit each resonance. VViC CP MAS
SSNMR showed temperature-dependence of the ternecyebhexanone ring of Form I,
whereas those of Form | where scarcely affectediall found that the cyclohexanone ring in
the Form 1l existed as stable chair conformers. Gvar form at lower temperature existed and
the chair form—chair form conformational change woed at higher temperatures. In the
medium temperature cyclohexanone ring of Form itexl in the chair and boat conformations
due to flip-flop motion.

Another example of successful SSNMR polymorph dttarsation, is irbesartan, an
example of configurational polymorphism [27]. Baagral. characterised two different crystal
forms of irbesartan associated with tetrazole tengomerism, using one- and two-dimensional
13C and™N CP MAS SSNMR as the main analytical tool. Cari8ncP MAS SSNMR spectra
for forms A and B are not superimposable, Figur& 3aRd Figure 32B, reflecting substantial
differences in the crystal structures. The diffeeenis particularly significant for C-23
(Adc = 8.6 ppm), clearly indicating that the tetrazdley does not have the same structure in
the two forms. Nitrogen-15 CP MAS SSNMR spectraficored existence of two tautomeric

forms Figure 32C.

A B C
Form A at 295 |
Form A
C-23 _U_J._J\_.__
Form B at 295 K
Form B
’\ M;% “ ’ Form B at 253
g Iél’) g IC;D I-.I() ? li() B;) : 6‘0 : 4’0 > 2.0 ¥ Iri : =100 =200
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Figure 32.(A) High-frequency region and (B) low-frequency iegof *C CPMAS spectra of irbesartan, Form A
(top) and Form B (bottom) and (€N CPMAS spectra from Form A at 295 K (top), Form B85 K
(middle) and Form B at 253 K (bottom) for irbesartistodified from Ref. [27].
SSNMR can also be employed to characterise solvatesl hydrates.
For example Othmaat al. characterised solvates of drug used in treatmiebemign prostatic
hypertrophy — finasteride [213]. The crystal stumes of the three finasteride solvates were
found to be isomorphous as investigated by SCXRD their XRPD patterns were almost
indistinguishable. The solvates were clearly digtished by the characteristttC CPMAS

NMR signals from the solvent clearly resolved frtra finasteride peaks, Figure 33.
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Figure 33.Carbon-13 CPMAS spectra of five solvates of findgdéefexcluding the high-frequency part). Top to
bottom: acetic acid; ethyl acetate hydrate; tetlabfgran solvate hydrate; isopropanol solvate higgra
dioxane solvate hydrate. Assignments are indicitethe solvent peaks. Adapted from Ref. [213].
The physicochemical properties of a solid APl am®rgly related not only to its
structural features but also to its molecular dywamTherefore, it is important to understand

the dynamic of molecular motion occurring espegialt a disordered, amorphous APIs,
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because molecular relaxation takes place duringagto of formulated amorphous drug.
SSNMR has been widely used to study molecular dyecsgin pharmaceutics [59, 191, 200,
214]. Luthraet al. studied changes in molecular dynamics of modeb dsystems during
annealing by DSC [134] arfdC NMR relaxation times [215]. They observed thatniost cases
annealing leads to longdi and T, NMR relaxation times, suggesting slowing of thealo
dynamics. This leaded to the expectation that cb&lhmdegradation processes that require
molecular motion should be slowed down in agedsgiss

Another example of molecular dynamics studied byNB& relaxation times was
reported by Gao [214]. A drug, delavirdine mesylatedifferent crystalline and amorphous
forms was characterised B Ty, *H T;, and**C T, SSNMR relaxation times. The values of
measured relaxation times for different forms dieandicated a very different molecular
dynamic behaviour. The amorphous form, as expecteohved a higher degree of molecular
mobility, and there were also significant differeaén mobility between crystalline forms.

SSNMR can also be used for compatibility studiesciwaracterising the interactions

occurring between API and excipients [60-67].
3.6 Solid state drug-drug compatibility testing

The multi-ingredient drug products offer many bésebver the single ingredient drug
products. It has been especially investigated & d¢hse of CVD treatments. Combination
therapy has been shown to reduce CVD complicatipngnore than 80% [30], and strong
interest has been expressed by the pharmaceutidaktiy to develop an all-in-one pill
(multicomponent cardiovascular pill, MCCP or polj)pcontaining an angiotensin-converting
enzyme (ACE) inhibitor, beta-blocker, aspirin atatia [33].

The simplest and the most economic approach toulating a multi-ingredient dosage
form is a blend or granulation containing all thetiee pharmaceutical ingredients. The
combination of different agents in a single dosé&gen can, however, lead to interactions
between APIs, potentially affecting the stabilitydabioavailability of either component [34-
40]. Such interactions, termed incompatibilitiean de either physical or chemical in nature.
Chemical interactions between APIs are well docuetefor FDCs intended for the treatment
of tuberculosis, malaria or CVDs, conditions whigsually require combination therapy [38-
43]. For example, ternary and quaternary drug coailiins containing rifampicin and
isoniazid along with pyrazinamide and/or ethambutgdrochloride were very unstable,
showing up to 70% or 95% loss of rifampicin or is@id, respectively, due to
chemical reaction [39]. Also, Kumaet al. reported incompatibility between polypill
ingredients — atenolol, lisinopril, aspirin and tstadue to chemical reactions [42, 43].
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Solid-state reactions of APl with excipient or AR&n include: transacylation, Maillard
browning reactions and acid-base reactions [158].0Ae of the most frequent approaches to
improve physicochemical properties of an ionisabtenpound is to form a salt, and as
formation of a free base/acid or new salt can figantly change physicochemical properties,
acid-base reactions play an important role in fdation stability. Rohrset al. reported
decrease in dissolution rate for tablets of dethn& mesylate following storage under
accelerated stability conditions. This was foundréeult from formation of the less-soluble
delavirdine free base due to acid-base reactioh wicipient (croscarmellose sodium), as
confirmed by FT-IR and SSNMR [67]. Zannet al. found that maleate salt of a basic API
showed a major loss in potency following stabiligsting, which again was attributed to
conversion of the salt to the free base. The cameistrongly depended on microenviromental
pH, and the formulation was successfully developgdacidification using citric acid as an
excipient [216]. Guerrieri and Taylor investigatbg FT-IR and Raman spectroscopy four
model pharmaceutical salts (two APIs mesylate apbylate salts) mixed with common basic
excipients and exposed to moderate relative huynjdit7]. They found that formation of free
base depends on a number of factors such aspHthe salts (the pH of a solution where there
is saturation of both ionized and unionized spécias well as the free base solubility. The
conversion was also affected by excipient propgrtiacluding basicity, solubility, physical
state and surface area.

Even in the absence of chemical reactions betwempaonents, the combination of two
or more compounds (API-API or APIl-excipient) carsul¢ in physical interactions such as
polymorphic transitions [44], amorphisation [45]tbe formation of eutectic mixtures [46, 47].
These can cause problems during manufacturingdid]/ with shelf life [49] or bioavailability
[50]. For example, Bristol-Myers Squibb in 2010~+&talled over 60 million tablets of an FDC
product, Avalid€, containing an angiotensin receptor antagonistegartan) and a diuretic
(hydrochlorothiazide) due to appearance of a leksste irbesartan polymorph [96]. No such
problems were observed with products containingdabotan only. Zalaet al. have studied
binary mixtures of antipyretic/analgesic drugs patamol and propyphenazone using DSC,
XRPD and FT-IR spectroscopy [47]. Studies revegleygsical interactions related to eutectic
formation and a lower degree of crystallinity ottb@omponents in the physical mixture, with
the formation of eutectic mixture having a sigrafit impact on the physical stability of the
formulation. Rawlinsoret al. studied interaction between cross-linked polyvyiyytolidone
(PVP-CL) and the poorly soluble crystalline drugmamund, ibuprofen, by DSC, XRPD,
Raman and FT-IR spectroscopy [45]. They reportegtaction in the crystallinity of ibuprofen
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observed by XRPD on simple physical mixing with PEP, with amorphisation increasing
during storage of the physical mixtures at ambosmiditions.

Clearly the identification of possible interactiamstween APls is extremely important
at an early stage of drug development process.nidleanalysis is frequently used to study the
physicochemical properties of APIs and compatibgitoetween drug-drug and drug-excipient
[41, 47, 51, 52]. DSC quickly provides informati@bout possible interactions among the
formulation components, according to the appearastit or disappearance of phase transition
peaks and/or variations in the corresponding epyhai heat capacity values in thermal curves
of drug-drug/excipient in physical mixtures [53]5dowever, the interpretation of the thermal
data is not always trivial, and the interactionseslved at high temperatures may not always be
relevant to ambient conditions. Therefore, theafssomplementary analytical techniques, such
as TGA, XRPD or FT-IR, is advisable, as shown geegch papers [55, 56] and as reviewed in
Ref. [57]. Isothermal microcalorimetry (IM) is othéhermal method which also can be
employed in compatibility screening [93, 218]. 8edtate nuclear magnetic resonance is
another technique used to characterise pharmaabuf8, 59] and study physical or chemical
interactions between APIs and excipients. It haanbmiccessfully used for characterising the
physical interactions occurring between APl andypars [60-63], between API and
S-cyclodextrin [64], and acid-base reactions betwAgh and excipients [65-67], but SSNMR
has not been widely used, however, in API-API caibpity studies.

In addition to the solid-state characterisationhtégues, high-performance liquid
chromatography or spectrophotometry can be usethéocompatibility testing, however these
techniques drawback is that the analysed sampld beustored under accelerated stability
conditions for one to several weeks and then amdlysing one of those techniques [158].

Also, the techniques do not provide informationareling physical incompatibilities.
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4 RESEARCH OBJECTIVES

The aim of this study was to characterise two sklichs of valsartan to provide an insight into
their structures and molecular mobilities and alsocharacterise two solid state forms of
bisoprolol fumarate and to evaluate bisoprolol catifgility with amorphous valsartan
employing multi-technique differential scanningarithetry and solid-state NMR as a primary
investigation tools supported by, where approprigsaticle size and shape analysis, HSM,
TGA, solution-state NMR, FT-IR, XRPD and dissolutimeasurements.
The specific aims were:
e to obtain information about the solid state forntommercially available valsartan
(AR form) and valsartan prepared by heating theféii to 140 °C and rapidly
cooled (AM form);
* to obtain information about molecular structure andlecular mobility of both
valsartan forms;
» to characterise crystalline and amorphous formssafprolol fumarate;
* to obtain information about compatibility of amogus valsartan and crystalline

bisoprolol fumarate.
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5 EXPERIMENTAL PART

5.1 Materials

Pharmaceutical grade valsartan (VAL, AR form, asieed; Figure 34) was kindly obtained
from Polpharma, Starogard Ggki, Poland and used without further treatment. fltéy
amorphous form (form AM) was prepared immediateigpmpto experimental measurements in
DSC pan in the instrument, in the NMR rotor in fivebe, or on the hot stage of XRPD by
heating sample to 140 °C, holding for 10-20 mimtheoling with at least approximately 3 °C
min™ cooling rate to room temperature. Attempts to iobterystalline material by re-
crystallization based on previous published repantspatents [25, 26, 73, 75, 76] were

unsuccessful.

H3C CH
039 753

Figure 34.Chemical structure of valsartan with all atoms nared.

Pharmaceutical grade crystalline bisoprolol fumar@®ISO; Figure 35) was kindly
obtained from Biofarm, PozhaPoland and used without further treatment. Therphous
form of bisoprolol was prepared immediately prioreixperimental measurements in the DSC
pan in the instrument, in the NMR rotor in the mplor on the hot stage of XRPD by
heating sample to 120 °C, holding for 5 min anchtbeoling with at least 10 °C mihcooling
rate to -50 °C. Attempts to obtain diffraction-gtyalcrystals by re-crystallization from

water, methanol, ethanol and ethyl acetate solsitiegre unsuccessful.
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Figure 35.Chemical structures of bisoprolol fumarate R§¢1-((alpha-(2-isopropoxyethoxy)-p-tolyl)oxy)-3-
(isopropylamino)-2-propanol fumarate (2:8) € 766.96 g mof) with the carbons numbered. The
chemical structure of bisoprolol fumarate is thiathe neutral molecules, as conventionally givelme T
material is, however, expected to be in a salt fasma solid, with the fumaric acid present as @tou
de-protonated fumarate ion and with the bisoprassiumed to be protonated at its NH site.
Physical mixtures of bisoprolol/valsartan in diffat concentrations from 10 to 95%
(w/w) were prepared by mixing in a glass mortar 26rmin. Samples were used within 12 h.
Melts were produced by heating of binary mixtuiresitu in the DSC furnace, NMR probe or
on the XRPD holder. The samples were melted at’C28nd cooled to —50 °C with at least 10
°C mir* cooling rate.
The purity of the provided and obtained materiads werified by solutioiH and**C

NMR. All other chemicals used were of analyticaldg and were used as received.
5.2 Methods

5.2.1 Particle size and shape measurements

Valsartan, AR form particle size and shape analysas determined using a Malvern
Morpholog® G3 particle characterisation system (Malvern lmsents Ltd., Malvern, UK).
Samples were dispersed using the automated sangpersion unit and analysed in an
episcopic (reflected) light, under 2.5X magnificati The following definitions of
morphological parameters are used to describedtizles [219]:

» Elongation— expressed as:
w

Elongation =1 — T (29)
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whereW is a width and. is a length.
Values ofElongationranges from 0 to 1, for example, a rod has a Bighgation

* CE (circle equivalent) Diameter the diameter of a circle with the same areahas t
projected area of the particle image.

« HS (high sensitivity) Circularity- the ratio of the object's projected area tosiipaare

of the perimeter of the object, expressed as:

4TA
PZ
whereA is an area an® is a perimeter. It is also sometimes terncedpactness

(30)

HS Circularity =

A perfect circle has aHS Circularity of 1.0 while a narrow rod has &8 Circularity
close to O.

e Convexity— the perimeter of the convex hull of the objdeidid by its perimeter. The
convex hull can be seen as the border created bsnaginary rubber band wrapped
around the object. In the figure below B is the etiiconvexity area” of the particle

A surrounded by the convex hull.

Figure 36.The particle area (A) and added “convexity ar&)’ (

The Convexityis expressed as:
Py + Py
Pa

whereP, andPg perimeters of A and B, respectively T@envexityvalues are in the

Convexity = (31)

range O (least convex) to 1 (most convex). Tamvexityis a measure of how “spiky”

a particle is.

The CEDiameterresults are provided on a volume basis, i.e. tharibution each
particle makes is proportional to its volume — &angarticles dominate the distribution and
sensitivity to small particles is reduced as theilume is so much smaller than the larger ones.
The Elongation HS Circularity and Convexityresults are provided on a number basis, i.e. the
contribution each particle makes to the distribuithe same; a very small particle has exactly
the same ‘weighting’ as a very large patrticle.

The statistics of the distribution are calculatednf the results using the derived
diameterdd[m,n] [219, 220].D[n, 0.5],D[n, 0.1] andD[n, 0.9]are standard percentile readings
from the analysis:
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¢ D(n, 0.5) is the size at which 50% of the samplkamsgller and 50% is larger;
* D(n, 0.1) is the size of particle below which 10%lté sample lies;
e D(n, 0.9) is the size of particle below which 90%ld sample lies.

The n or vin the expression refers to the number or volurs&riliution, respectively.
5.2.2 Thermogravimetric analysis

TGA curves were obtained using a Mettler-Toledo TB3C1 instrument or a Perkin Elmer
Pyris 1 TGA instrument under a nitrogen gas flowr6D min™. About 2-10 mg of powder
samples were placed in an opened ceramic pan adchat a rate of 10 °C mirfrom 25 to
600 °C.

5.2.3 Hot-stage microscopy

HSM analyses were performed using an Olympus SZBriging optical microscope equipped
with Mettler-Toledo FP-82 hot-stage, a Mettle-Tae#P80 programmable temperature-
controller and Canon 20D DSLR camera. Samples weated at 5 °C min from room
temperature to 140° C. Next, the samples were dodéevn at about 1-2 °C minto room

temperature and reheated to 140 °C in a second run.
5.2.4 Differential scanning calorimetry

DSC curves were obtained using a DSC Q1000 TAunstnt Inc. (V9.9 Build 303) or a DSC
821 Mettler-Toledo instrument under a nitrogen fi@s of 50 and 60 mL mit, respectively.
Sample powders (1-10 mg) were crimped in a stanolalg:rmetic aluminium pan and heated
with different rates (1, 5 or 10 °C miy from —50 to 140 °C. Next, the samples were cooled
down at 10, 20 or 50 °C mihto room temperature and reheated to 140 °C ic@nserun.

TMDSC curves were obtained using the DSC Q1000 Agtriment Inc. instrument
with an underlying heating rate 1 or 3 °C miand a temperature modulation with amplitude of
0.5 or 1.5 °C, respectively, and period of 60 si¢lwhis sometimes termed “standard TMDSC”)
from —50 to 140 °C. The samples were then cooled a0 or 50 °C mift to =50 °C without
modulation and reheated to 140 °C in a second run.

The enthalpy change after isothermal physical agihgAM valsartan form was
determined as a function of aging time. Sample®iest heated to 120 °C and held for several
minutes to eliminate the effect of prior thermadtbry and then cooled at 25 °C o the
aging temperaturel,, which was 30, 40, 50 and 60 °C. The samples wer@tained at the
aging temperature for specified aging times randiogh O to 16 h, and after aging, samples
were cooled at 25 °C mihto 25 °C. A subsequent heating scan at 3 °Cnmin 120 °C
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provides the data for the aged samples [182, 221d.modulation parameters were the same as
above.

QI-TMDSC experiments with the underlying heatingeraero and a temperature
modulation with amplitude of 0.5 °C and period 6f€§ were performed within the temperature
range 25-130 °C at 1 °C increments with a 25 miasueements for each step.

The equipment was calibrated with indium. (p.= 156.65 °CAH; = 28.45 J @), and
at least two tests were run on each sample. Meltngstallization and relaxation events are
quoted as an onset temperature. Glass transitiopet@tures are quoted as midpoints. The
fictive temperature (Richardson) was calculated the intersection of the pre- and
post-transition enthalpy baselines according tesR@f30, 131]. Values were determined using
TA Universal Analysis 2000 V4.5A or Mettler-Toled&taf SW V10.0 software. Errors are

quoted as one standard deviation.
5.2.5 Fourier transform infra-red measurements

FT-IR was carried out using an Alpha Bruker FT-[feéctrometer in KBr pellets. Spectra were
recorded at room temperature from 4000 to 500 cwilecting 64 scans and with a resolution

of 2 cm™,
5.2.6 Solution-state nuclear magnetic resonance

Solution-state NMR experiments were carried outdviarian VNMRS-700 machine withH
and °C frequencies of 699.73 and 175.97 MHz, respegtivBpectra of bisoprolol samples
were measured in 0.5 mL of,© and [Q]-DMSO. Spectra of valsartan and physical mixtures
with bisoprolol were measured in 0.5 mL of JDMSO. For each compound the full
assignment was made using standard 2D technicrie$H-H correlation (COSY), one-bond
'H-'3C single quantum correlation (HSQC) and long-rantge-*C multiple-quantum
correlation (HMBC). Standard conditions for COSYpexrments were 1024 or 2048 data points
with 256 increments in JFand 1 transient in.F For HSQC experiments 1024 or 2048 data
points with 2 x 256 increments in Bnd 8 transient in,Fand for HMBC experiments 1024 or
2048 data points with 400 increments in &d 8 transient in ;& All measurements were
performed at 25 °C.

The diffusion ordered spectroscopy (DOSY) experitmevere measured at 25 °C on a
600 MHz Agilent spectrometer equipped with a prebt a z-gradient coil. The DBPPSTE
(DOSY bipolar gradient pulses stimulated echo seggl convection-compensated pulse

sequence was used [222, 223] to acquire data 3e34d imin with 32 gradient amplitudes
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ranging from 5 to 45 G crhin equal steps of gradient squared, using 32 ieatss a total
diffusion-encoding gradient duration of 2.0 ms, ardiffusion time of 200 ms.
Data were processed using ACD/Spectrus Processaivaed Chemistry

Development Inc., Canada) or Mnova NMR (Mestrelalsdarch, Spain) software.
5.2.7 Solid-state nuclear magnetic resonance

Carbon-13 solid-state NMR spectra were generalbpnded with cross-polarization
and magic-angle spinning using Varian VNMRS 400 avdrian Infinity Plus 500
spectrometers, operating at*€ frequency of 100.56 and 125.68 MHz, respectivEipbes
using 5 and 6 mm diameter rotors made of zirconexewemployed. Typical operating
conditions used a CP contact time of 2 ms, a recgelay of 2 s, 512 to 2048 transients and
spin rate of 10 kHz. Carbon chemical shifts wefermnced to the signal for tetramethylsilane
via a replacement sample of solid adamantage=(38.4 ppm for the high-frequency line).
Variable-temperature experiments were performenh fr@0 °C to 120 °C, allowing samples to
stabilize for 15-20 min before starting acquisitigxll of the temperatures shown fdiC
SSNMR experiments are quoted with a correction1d $C above the displayed temperature,
which is the estimated increase in sample temperdtar a 5 mm rotor spinning at 10 kHz,
based on previous calibration experiments using tetaate [224]. While the VT measurements
are reproducible (performed at least in duplicateld relative temperatures are accurate to
within £1 °C, the uncertainty on the absolute terapges is estimated at +4 °C. The very
different sample conditions in the different teciues used, in any case, limits the
transferability of temperature scales. Spinninglsahds were identified with the aid of spectra
acquired with 14 kHz spinning rate.

Direct-excitation experiments were obtained usinge tVarian VNMRS 400
spectrometer operating &C frequency of 100.56 MHz. A probe using 6 mm dismeotor
made of zirconia with Tefldhcap was employed. Typical operating conditionduseecycle
delay of 1 s, 80 to 140 transients and spin raté.8fkHz. Variable-temperature experiments
were performed from 25 °C to 120 °C, allowing sasspto stabilize for 15-20 min before
starting acquisition. The temperatures for DE eixpents were not calibrated.

¥C T, relaxation times were measured with cross polémisausing the “Torchia”
method [209], although withodH decoupling during the relaxation period, usingr@dovery
periods,z, from 0.01 to 80 s, acquiring 64 transients penipd; values were obtained by
fitting the measured peak heights as functionzdb a simple mono-exponential decay.
Molecular motions on the kHz time scale were probgdneasuring®C spin—lattice relaxation

times in the rotating frameT,,. Spin-locking pulse lengths were varied in 20 step
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from 1 to 20 ms, and the peak heights as a fundigrulse length fitted to a mono-exponential
decay. The error iif; andT,, values is due to this low signal-to-noise ratio @expressed as
the standard error in fitted valuesTaf observed in nonlinear regression analysis.

Proton spectra were recorded using Varian InfiRllys 500 spectrometer operating at
a'H frequency of 499.70 MHz. A Bruker MAS probe usib@ mm diameter zirconia rotors
was employed. Spectra were typically acquired usimgcycle delay of 2 s, 4 to 64 transients
and spin rates of 43, 53 and 67 kHz (for valsadaly). Data was also acquired at longer
recycle delays (10 s) to verify that signals assed with slowly relaxing protons were not
being missed. The estimated increase of the satapiperature with MAS rate of 53 kHz is
estimated to be about 25 °C; identical results (it lower spectral resolution) were obtained
at the lower spin rate. Proton broadline NMR s@edtr static samples were measured at
400.17 MHz using a Bruker Avance Il HD spectromefe MAS probe using 5 mm diameter
rotors made of zirconia was employed. A recyclagelf 5 s was used and 32 transients were
acquired. Spectra were measured over a temperaturgs from 25 to 120 °C, allowing at least
20 min for stabilization before acquisition.

Proton broadline NMR spectra and proton relaxatiores ;" and T,,") for static
samples were measured at 299.82 MHz using a VahutyPlus 300 spectrometer. Values of
T, were derived from saturation-recovery experimemis measurements were performed by
varying a spin-lock time. Spectra were measured awemperatures range from 25 to 120 °C,
allowing at least 15 min for stabilization befoaisition.

Nitrogen-15 solid-state NMR spectra were recordéd @P and MAS using the Varian
VNMRS 400 and the Varian InfinityPlus 500 spectrteng, operating at’N frequencies of
40.53 and 50.65 MHz respectively. Probes using 6 ameh 5 mm diameter rotors made of
zirconia were employed respectively. Typical opataconditions used a CP contact time of
5o0r 10 ms, a recycle delay of 1.5 or 2 s, 4000030000 transients and spin rate of 6 or
10 kHz. Nitrogen chemical shifts were referencehai$°N-enriched glycine at —347.4 ppm
relative to the signal of neat nitromethane. Vddagbmperature experiments were performed
at 38, 80 and 110 °C, allowing samples to stabiliel5-20 min before starting acquisition.
All of the temperatures with 5 mm probe and 10 k¥hsing rate shown fo"’N SSNMR
experiments, unless otherwise stated, are quotédandorrection of +16 °C as f6iC SSNMR
experiments. Inversion-recovery CP MAS experimemtse recorded with inversion time of
1 ms as described in Ref. [205].

The *H-"3C Heteronuclear Correlation (HETCOR) spectra wedstioed at ambient
temperature using the Varian VNMRS 400 spectrometeploying 4 or 6 mm rotors, with

Frequency Switched Lee-Goldburg CP, two-pulse phasgulation decoupling, contact times
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0.1 and 1.0 ms, 32 increments in the indirect dsimm 288 or 512 transients, recycle delays of
2 s and a spin rate of 10 kHz. A sample of glyeitas employed for calibration.

Data were processed using gsim [225]. A Gaussiaa tiroadening of 40 Hz was
applied to thé>C spectra and a “resolution enhancement” correspgrid an 80 Hz Gaussian

function was applied to th#! MAS spectra.
5.2.8 First-principles computation

Gauge Including Projector Augmented Wave [226, 22dtulations were carried out
with the CASTEP computer program for the crystallimlsartan given in Ref. [26]. Geometry
optimisation was carried out both for the hydroggom positions only and for all atom
positions (but with the unit cell dimensions fixat the values determined from diffraction

studies).
5.2.9 Powder X-ray diffractometry

X-ray diffraction patterns for most samples werdagied with a Bruker D8 ADVANCE
instrument using a graphite bent-crystal monochtom&u K, 4 = 0.1542 nm). Samples were
placed on a hot-stage sample holder and scannesflé@ction mode from 5° to 40°62over

a temperatures range from 0 to 120 °C in a step swale of 0.2° every second. Samples were
allowed to stabilize for 10-15 min before startaggjuisition.

Some of the patterns at the room temperatures w@aise obtained with a Phillips
PW1830 generator operated at 40 kV and 45 mA, usiclel filtered Cu K radiation
(4 =0.1542 nm), and a diffracted beam graphite mbramuator. The sample was placed either
on Kaptod" tape onto an aluminum holder or on a Silicon wafed scanned in reflection
mode from 5° to 40° 2 (for 9 the half-scattering angle), at a step scan intefa.010 degrees
per step, and holding time of 2.00 s/step.

X-ray diffraction patterns for bisoprolol/valsart@f/30 (w/w) physical mixtures were
obtained with a Bruker D8 ADVANCE instrument usiaggraphite monochromator (Mo, K
A=0.0711 nm). Samples were placed in a capillay scanned in reflection mode from 3° to
20° 29 at 22, 60 and 80 °C. Samples were allowed to lstalfior 10-15 min before starting

acquisition.
5.2.10 Intrinsic and apparent dissolution testing

The IDRs of both valsartan forms were measurechbyrotating disc method using the Wood
apparatus in an Erweka DT60 dissolution testingosta ERWEKA GmbH, Germany). The
8 mm diameter discs were compressed at 1300 pshelddfor 40 s. Dissolution studies were
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performed in 900 ml of deionised water maintainédaatemperature of 37 +0.2 °C and
rotational speed of 100 rpm. Aliquots were withdnaat predefined time points (120 points),
replaced with dissolution medium, and analysedguaitJV spectrophotometer at 250 nm. All
measurements were performed in triplicates. IDR,rdte of mass transfer from solid to liquid
state when conditions such as surface area, phkt &irength and stirring speed are kept
constant, was determined using equation (7) [166].

The apparent dissolution tests of both valsartamg$owere performed by the flow-
through method in an USP apparatus 4 (CE 7 SmataxSAG, Switzerland) [160]. Each cell
was prepared by placing a 5-mm ruby bead in th& apthe cone to protect the inlet tube, and
glass beads were added to the cone area to forlasa gead bed. Dissolution studies were
performed in 1000 ml of deionised water maintaiatd temperature of 37 +0.2 °C with a flow
rate of 8 mL min. Aliquots were withdrawn at predefined time poi(t20 points), replaced
with dissolution medium, and analysed using a U\ectiwphotometer at 250 nm. All

measurements were performed in triplicates.
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5.3 Results
5.3.1 Valsartan
5.3.1.1 Particle size and shape analysis

AR valsartan form sample was tested by a morpholdiggct imaging microscopic method
using a Morpholodi G3 apparatus. The analysed material shows particin uneven shapes
and wide array of diameters distribution rangingnir4 to 376um with a mean of about
170um. The elongation and circularity analysis indidatieat the valsartan particles were more
circular than elongated, Table Il. The analysedemat contains 97.5% unclassified shapes
particles and only 2.5% fibres. Examples of theiglas shapes and sizes are shown in Figure
37. The convexity was determined as low, indicatimgt the particles’ edges are moderately
even. The high circularity and low convexity wolddggest that analysed valsartan probably

has desirable powder flowability [228].

Table II. Particle size and shape reports for AR form ofardds.

CE Diameter — volume distribution

CE Diameteminimum @m): 4.13 CE Diameter v, 0.1] (um): 36.44

CE Diametemaximum (um): 376.35 CE Diameter v, 0.5] (um): 144.3

CE Diametemmean (m): 170.52 CE Diameter v, 0.9] (um): 304.6

Particles countecs0930 CE Diameteistandard deviationifm): 11.86
Elongation — number distribution

Elongationminimum {m): 0.000 ElongationD[n, 0.1] (wm): 0.183

Elongationmaximum (tm): 0.892 ElongationD[n, 0.5] (wm): 0.407

Elongationmean gm): 0.402 ElongationD[n, 0.9] (wm): 0.613

Particles counted:0849 Elongationstandard deviationun): 0.162

HS Circularity — number distribution

HS Circularityminimum @m): 0.217 HS CircularityD[n, 0.1] @wm): 0.544

HS Circularitymaximum im): 0.976 HS CircularityD[n, 0.5] (wm): 0.745

HS Circularitymean m): 0.726 HS CircularityD[n, 0.9] wm): 0.876

Particles counted:0849 HS Circularitystandard deviatioru(n): 0.128
Convexity — number distribution

Convexityminimum @m): 0.851 ConvexityD[n, 0.1] wm): 0.962

Convexitymaximum (im): 1.000 ConvexityD[n, 0.5] (um): 0.982

Convexitymean m): 0.982 ConvexityD[n, 0.9] (um): 0.994

Particles counted:4117 Convexitystandard deviationun): 0.016
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Figure 37.Particles images of AR valsartan form: (A) all paess and (B) fibers only.

5.3.1.2 Thermal analysis

The TGA curve of AR valsartan form shows three mass regions, Figure 38. Th& 1
occurs between 60-90 °C (1.3%), tH8 Between 160-300 °C (13.6%) and tH& i&tween
300-580 °C (76.6%). The first step between 60-9@s°die to loss of absorbed solvent, while

the 2% and ¥ steps are due to the thermal decomposition ofwals.
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Figure 38. TGA curve of valsartan (AR form).

Figure 39 shows the heat-flow rate versus temperaheasured by standard DSC on
first heating with 10 °C mit rate, then on cooling from 140 °C with 10 °C mirate to room
temperature and the second heating again withriieedie at 10 °C min On the first heating
DSC curve of AR valsartan form presents two endatievents. A small broad peak around
60-90 °C AH = 5 +1 J g") corresponds to a loss of solvent most likely watghe agreement
with the results obtained from TGA, presented iguFé 38. The second event on this first
heating is complex and at first glance may leaa ¢onclusion that the peak with a maximum at
100.6 °C AHya =26 +2J @) is due to melting. However, the diffractogramnfroX-ray
measurements, Figure 45, does not indicate the@cme of a crystalline form of the examined
valsartan (AR form). The second transition with imaxm peak temperature at 100.6 °C may
correspond to a glass transition with high enthaiggixation peak overlapped with a change of
heat capacity.
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121 CW
/ glass transition
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0.4
solvent evaporation
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Temperature / °C

Figure 39.DSC curves of valsartari*{AR form) and 2 (AM form) run on heating and cooling.

76



EXPERIMENTAL PART

In order to evaluate the first heating results,gkperiment by standard DSC on heating
was repeated and divided into two steps: firsgHrealsartan (AR form) was heated from room
temperature up to 90 °C in order to evaporate sohand then this sample was cooled to 25 °C
and subsequently reheated up to 140 °C to obsenre wlosely the process of the glass
transition. The results of the two-step heatingeeixpent are presented in Figure 40A. The
evaluation of the glass transition process, remyltn second step heating and presented in
Figure 40A curve lll, is displayed in Figure 40Bhel midpoint temperature of the fresh AR
valsartan form sample was estimated as 93.6 °C théhncrement of heat capaci®G,) as
0.68 +0.02 J g K™, Figure 40B, but the true glass transition temipeea of fresh valsartan
(AR form) was defined as the fictive temperaturehwihe value ofT,X"*"= 76.4 °C
presented in Figure 40B.

The intensity of enthalpy recovery that occurs wiyiihe first heating scan, following
an enthalpy relaxation process is probably dueotoesresidual arrangement in the particles
originating from creation of the fresh powder saenpl valsartan and storage of the product at

the room temperature and may be impacted by bosalednt.
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Figure 40.(A) DSC curves of valsartan (AR form) for the tweystheating experiment. (B) Evaluation of the glass
transition from DSC curve of valsartan (AR form) fr@step experiment (curve 1ll). (C) The heat
capacity of AR and AM almost unaged valsartan freemdard DSC. (D) Evaluation of enthalpy
relaxation from AR and AM unaged valsartan fromtfasd second heating, respectively.
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The enthalpy recovery that occurs during the fiesating scan, following an enthalpy
relaxation process, was determined by integratiegdifference between the heat capady) (
of the AR form and the unaged AM form of valsarsamples as illustrated in Figure 40C
and D according to Ref. [229]. The heat capacityfreh sample of valsartan, AR form, in
Figure 40C was evaluated from heat-flow rate obrdcstep of heating scan as presented in
Figure 40A (curve Ill) and Figure 40B. Tl&& of unaged amorphous valsartan sample (form
AM) was converted from second heating scan astifited in Figure 39. Figure 40D shows
enthalpy as the function of temperature for botmgas resulting from the integration of the
C,. The enthalpy relaxation with a value 8Heaaion = 15.8 J §° was obtained from the
difference in enthalpies as illustrated in Figu@D4 Such unexpected high value, around
16 J g* of enthalpy relaxation, is probably related nolyaio the physical ageing process of
amorphous sample but also due to the influencelokst on this phase transition [230]. We
can speculate that in this case the solvent prglid®s not act as a plasticizer but can nucleate
for a better additional arranging of molecules slengiuring storage at room temperature,
resulting in enthalpy value.

Figure 39 shows heat-flow rate of valsartan (formM)Arersus temperature for a second
run on heating, after cooling with 10 °C fifrom 140 °C, where valsartan appears as a dry
amorphous phase material with a glass transitiorsa& +0.5 °C and change of heat capacity
(AC,) 0.49 +0.01 J g K™%, The change of heat capacity for amorphous vaisam cooling was
similar i.e.: 0.48 +0.01 JgK™ with T, at 72.8 +0.5 °C. The difference between the glass
transition (fictive temperature) of fresh valsarta&kR form, of around 76 °C and unaged
valsartan, AM form, from second heating scan ofuad 74 °C is not significant when
excluding influence of the enthalpy relaxation. Thiensity and shift of endothermic peak of
fresh sample results from overlapping of heat céypabanges and enthalpy relaxation process
and these processes can be separated by TMDSC. TMExBnique allowed for separation of
the total heat-flow rate into reversing and norersing parts, as is presented in Figure 41 for
the AR valsartan form. The non-reversing curve shtle enthalpy relaxation peak and the
reversing curve shows the glass transition at at@4n°C.
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Figure 41. TMDSC curves of AR valsartan form for the first hiegt total, reversing, and non-reversing heat-flow
rate curves.

In the second heating, TMDSC allowed for separatibrthe glass transition from
enthalpy of the relaxation process, Figure #2determined by TMDSC for AM form was
found to be 77.7 £0.9 °C. This difference mighturcdue to the ageing of the amorphous form
during slow heating applied for TMDSC experimentCLmir?). It is known that the location
of the glass transition temperature is a functibrthe experimental cooling rate and of the
thermal history of the glassy material. Thus valdetermined by standard DSC and TMDSC

might vary and even some variations are seen foqgrarenent to experiment [128].
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Figure 42. TMDSC response for dry amorphous valsartan (form) Aglowing the total, reversing and non-

reversing heat-flow signals.

Further confirmation of the amorphous nature of Affie valsartan form was provided
by Qi-TMDSC, Figure 43. Qi-TMDSC provided reversi@g characteristic of the sample and
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change of the heat capacity at glass transitionga®can be clearly seen at around 83 °C. The
glass transition temperature in the comparisonaondard DSC and TMDSC results is lowered

due to zero underlying heating rate.

total G, (stDSC)
reversing C, (Qi-TMDSC)

Heat capacity / J g K’

T T T T
40 60 80 100 120
Temperature / °C

Figure 43.Comparison of the heat capacities for tfeun for the AR valsartan form obtained from staddaBC

and Qi-TMDSC. Qi-TMDSC shows glass transition processhe reversing heat capacity signal

confirming amorphous nature of the AR valsartan form

HSM analysis provided confirmation of informatiorbtained from calorimetric

methods. Figure 44A shows valsartan AR form podariight photomicrographs at 30 °C. No
birefringence is observed, indicating that the mialtés in the amorphous state. There were no
changes observed between 30 and to about 98 °@uwgh, second-order-like phase transitions
are thought to be difficult to detect by opticalthuls, because of the small structural changes
that occur [95], it was possible to observe glaiasdition process at around 100 °C for the
as-received material, Figure 44B and C. Above thesgtransition temperature sample exists in
the liquid amorphous state, Figure 44D. In thh2ating run the glass transition process could
not be observed under polarized light microscopata(chot shown). No birefringence is
observed in the freshly prepared AM form of valsartafter 24 h indicating that no

crystallization had occurred (data not shown).
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Figure 44.Polarized light photomicrographs of valsartan, ARf, at (A) 30 °C, showing lack of birefringence and
indicating amorphous nature of the material (B) @@dshowing glass transition process at, 99 and
101 °C, respectively, and (D) material above thegteansition in the liquid amorphous state at (20
Sample was heated with 5 °C mirate.

5.3.1.3 X-ray powder diffractometry

Figure 45 shows room temperature X-ray powder atiffon measurements for a fresh sample
of valsartan powder (blue curve, AR form) and thme sample after being treated by heating
to 140 °C and cooling to room temperature (red euAM form). After heating, the powder

readily consolidated to form a glassy thick film.ra patterns of both samples indicate their

amorphous nature, however, some imitation of ondgiri the AR form is observed.

T T T T T T
_ '
: i
s
) | Valsartan
E= 'H w Before Heating
c
[
oL
=
o)
g f
=
After Heating
1 1 1 1 1 1
5 10 15 20 25 30 35 40

Scattering Angle, 20 (degrees)

Figure 45. XRPD diagrams of valsartai € 0.1542 nm) recorded at room temperature. Vaegbwder before
(AR form) and after (AM form) heating to 140 °C.
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It is known that the measured X-ray powder patteshscrystalline nanoparticles
materials may exhibit the broad halos characterisfi X-ray amorphous material [231],
however, the particle size analysis does not inditae existence of nanocrystals, thus XRPD
analysis confirmed the amorphous nature of thenfpesvder sample of valsartan (AR form) as

well as AM form.
5.3.1.4 Fourier transform infra-red spectroscopy

Figure 46 shows FT-IR spectra of both valsartam&IrThe AR valsartan spectrum shows two
carbonyl absorption bands at 1732.1tamd 1603.8 ci assigned to carboxyl carbonyl (C-10)
and amide carbonyl (C-5) stretching vibrationspeesively. These bands are of diagnostic
value to elucidate changes in hydrogen bonds. TWaeno change in AM form in carboxyl
carbonyl band (1732.1 ¢M whereas the C-5 carbonyl peak shifted towardshérig
wavenumber (1605.8 ¢f) suggesting change in the environment of the egibgroup
associated with the amide moiety. This shiftingabsorption band for the carbonyl group of
amide to a higher wavenumber could be attributedho breakdown of the intermolecular
hydrogen bonds between C(5)O and the tetrazoleHN@Bopup similarly to that existed in the
crystal [26], Figure 2, as well &ss-trans conformational changes in the fully amorphous form
as discussed further. The complex region of 900-&®0 represents bending and skeletal
vibrations of aromatic rings in the compound, samall differences at this fingerprint region
are also found, Figure 46 (inset). Also, therensatienuation of broad peak with maximum at
about 3436 cm (N(5)H and/or OH) which is likely to be due to dgas in the hydrogen
bonds.

Transmittance

l 2 W ——— AMVAL
00 4 *1605.8 cm’’

T T T T T T 1
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Figure 46.FT-IR spectra of two valsartan forms.
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5.3.1.5 NMR analyses
5.3.1.5.1 Carbon-13 solid-state NMR

To distinguish molecular structures of valsartanmi® *C CPMAS NMR was employed.
Isotropic chemical shifts obtained from solids unAS are similar to those obtained from
solution, however in solids there is an absencdyofimic averaging which occurs readily in
a solution. In solids the molecular conformations ‘docked” in position due to “freezing” of
the free rotation of bulky groups. Conformation@htrémolecular) and crystal packing
(intermolecular) interactions play important ratedetermining the magnetic field of individual
nuclei in a solid state. Thus chemical shift issé@re to changes in the immediate environment
of the nucleus and provides specific and detailagribstic information [213, 214, 227]. Figure
47 shows>C CP MAS NMR spectra of both valsartan forms.

A
C-13/14, 16/17, 19-22

C-12/15

180 160 140 120 100 80

180 160 140 120 100 80 60 40 20
o/ ppm

Figure 47.Carbon-13 CPMAS NMR spectra of (A) as-received and{B) amorphous valsartan recorded at
10 kHz spinning rate at room temperature. Insetsvdpectra at 40—70 ppm region not affected by

spinning sidebands recorded at 6 kHz spinning fegterisks (*) denote spinning sidebands.
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The resonances were assigned basef@msolution-state NMR and by computational
prediction of chemical shifts based on crystal tree given in Ref. [26]. Standard NMR
techniques (COSY, HSQC and HMBC; appendices: Figude Figure A 2 and Figure A 3)
were used to assign the solution-state spectrubleTH lists the chemical shifts for two solid
states of valsartan and compare them to correspgsdiution-state and calculated values.

Table Ill. Solution-, solid-state and calculated NMR chemgtudts for valsartan at 25 °C (in fPDMSO) and
38 °C (solid state).

Solution-state NMR Solid-state NMR Calculated
Carbon oc / ppm dc / ppm dccaiy | ppm*

No Major conformer Minor con'former AR form AM form Crystalline form

(M, trans) (m, cis) (trans)
1 14.16 14.25 14.1 14.3 11.8
8 18.25 18.93 22.3
2 22.12 22.27 198 198 24.7
9 20.59 19.84 22.6 22.6 25.2
3 27.26 27.45 27.6 28.0 27.9
7 28.00 28.04 29.8
4 32.90 32.94 34.1 33.8 34.3
11 49.15 45.90 46.2 48.3 51.2
6 63.39 66.18 65.8 62.3,67.3 73.1
23 123.84 123.84 121.3 129.7
19 130.98 131.05 135.5
21 128.14 128.01 136.2
16 129.24 128.73 136.2
14 129.24 128.73 123 — 139 with 12;;)(?5: ;vtlth 136.9
13 126.72 127.37 maxima at 129.7 1301 137.4
17 126.72 127.37 131.8 138.0 138.5
20 130.98 131.05 138.5 139.0
22 131.51 131.51 142.7
12 138.22 137.5% 143.9
15 138.22 138.67 145.2
18 141.65 141.78 140.8 141.9 150.4
24 155.00 155.0d 155.1 155.1 166.1
10 172.34 172.07 171.7 171.3 180.6
5 173.91 173.88 176.8 177.3 181.8

@ 5C(ca\c): - @‘calc_a'ref); whereg;= 176.1 ppm.
® ow and® very low intensity peaks. Low intensities will et long'°C relaxation times of quaternary sites, but peaky aiso be broadened by
motional exchange.

9 Not observed, data taken from Ref. [78].

The assignment of the resonances is somewhatutifstnce non-equivalence of all
carbons in the molecular skeleton is expectedetisesevere overlapping in the regions 1040
and 120-150 ppm and lines are broad due to amosphature of the material. The linewidths
for the as-received valsartan (AR form) are reldyivhigh which suggests the sample is not
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crystalline, which is consistent with the thermaldaXRPD analyses. The signals between
10 and 40 ppm arise from the aliphatic CHs,.€ldnd CHs. This region does not change
dramatically after heating as-received form. Thggbst difference in the AM form is for
carbon resonances directly bonded to amide nitrd@éd) i.e.. at 46.2 ppm (C-11) and
65.8 ppm (C-6). In the fully amorphous materialnsigarises from C-11 is broadened and
moves to higher chemical shifidc = —2.1 ppm). The resonance arises from C-6 at a8 is
split to two broad signals with maxima at 62.3 &7d3 ppm. This behaviour is similar to that
observed in a solution where there are significhffierences in C-11 and C-6 chemical shifts
for cis and trans conformers (for C-11c° = 45.90, 6c™™ = 49.15 ppm and for C-6,
5 = 66.18,6.™™ = 63.39 ppm). The results suggest that in they fathorphous material
valsartan exists as a mixturea$—trans conformers, Figure 48.

A O R3 o R3
/ {
\ \
1 R Ry R2
B 0 R3 0 R
>\5 / /2
N >—N
\ 5 \
R1 R R, Rj
trans-isomer cis-isomer

Figure 48.(A) The double bond character of amide bond ancp®}pible conformations of valsartan in the liquid
and solid state as a consequence of this phenomenon

The signals between 120 and 150 ppm arise fronphleayl rings. These also broaden
significantly in the fully amorphous material. Themaining signals at 155.1, 171.7
and 176.8 ppm come from the carbon in the tetradotg (C-24), the amide and acid carbons
(C-5, C-10), respectively and all of these alsabiemn significantly. It has to be noted that there
is no significant differences between solutionestdMR spectra between AR and AM valsartan
forms, thus no degradation had occurred duringimgéite AR form. One can see from Figure
47 that the differences between two forms are imately visible from**C CP MAS NMR
spectra; fully amorphous form exhibits a generaladness of thé’C resonances, resulting
from the co-existence of a distribution of local/ronments and hence a dispersion of chemical
shifts for each resonance. The broadness of th&spehtained for the heated material
(AM form) from compared to the as-received mateffdR form) proved that valsartan treated
by heating is in the amorphous form and is morerdesred than as-received material as

previously found by other methods.
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In order to investigate the behaviour of both vasaforms below and above the glass
transition VT*3C CP MAS NMR, Figure 49, were performed. Most & tthemical shifts for
both forms were not affected by changing the teatpee. A significant change for as-received
valsartan is observed for C-6 at 110 °C i.e. abineglass transition, signal split into two
resonances and for C-11 signal is broadened angsstivzemical shift increase. These changes
are most probably due tis-transisomerisation along the C(O)—-N bond similarly tattin the
solution [77, 78]. Over the analysed temperaturggeaspectra show broad signals typical for
amorphous material except for aliphatic carbongrystallization had occurred, sharp signals
should be detected. VT experiments confirmed tbatmystallization occurs during heating and
cooling of both forms. There is also noticeableng®in the aliphatic peak linewidth (C-1-C-4
and C-7-C-9) at 110 °C (sharpening) in both formghe sample is going through the glass
transition, the material is moving from glassy stat more mobile, liquid amorphous state. This
sharpening of the lines is due to increased madkeaulobility, as the wide array of potential
orientations in glassy state begin to average aityilto that process in the solution state. In
contrast the aromatic region in as-received mdtati@ve glass transition had significantly
broadened. It suggests different molecular mobitityaliphatic and aromatic groups in the
material. As might be expected, the spectra of bo#ierials above the glass transition at

110 °C are essentially identical.

e ovc ”\ H
; wﬁ \Wj& J U\&W

ool = JJ\ JMM

A 180 160 140 120 100 80 60 40 20 0 B 180 160 120 700 80
&/ ppm &/ ppm

Figure 49.VT *C CPMAS spectra of (A) as-received (AR form) and (Blyfamorphous valsartan (AM form)
before and after the glass transition proc&ss'(= 94 °C andly™" = 74 °C). It can be seen that the
spectra of both forms recorded at 110 °C are esdlgritientical, most likely due to isomerisationAR

form above the glass transitions.
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In order to obtain information about molecular nlibpiof both valsartan forms
VT *C MAS direct-excitation NMR experiments were pemiied, Figure 49. Spectra display
only the signals arising from fast-relaxing carbares methyls as well as methylenes and
methines (C-1-C-4 and C-7—C-9) which indicate tdity of alkyl chains. There is no signal
observed from aliphatic carbons directly bondedlid (C-6, C-11) and from carbonyl groups
carbons (C-5C-10). The very low intensity and broad resonamemfaromatic carbons around
130 ppm is observed. The resonances are not oldsexan with long recycle delay up to of
60 s. These findings are consistent with Y€ CP MAS experiments results and suggest that
the molecular mobility of aliphatic carbons (C-14Gand C-7-C-9) is higher than the other

ones.

200 175 150 125 100 75 50 25 0
o ! ppm

Figure 50.Carbon-13 spectra of AR (blue line) and AM (red Jinalsartan obtained using direct-excitation
experiment recorded at different temperatures spihning rate at 6.8 kHz. Temperatures displayed ar
the set-up values not real samples temperaturessighal at 110 ppm arises from the,€&rbon in the
Teflon® used as a rotor cap.

5.3.1.5.2 Proton solid-state NMR

The static proton NMR measurements results in glesibroad-line bandshape due to extensive
'H-'H dipolar coupling. Figure 51 showd static VT SSNMR spectra of both valsartan forms.
As the temperature increases from 25 to 80 °C ther@bserved scarce changes in bandshapes
for both forms. Rapid narrowing occurs at the terapge above 100 °C. These results show
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a change in mobility above the glass transitiolo®ehe glass transition, the amorphous state
is glassy i.e. more rigid than for the state abglass transition where sample is in a liquid
amorphous state. In the glassy state homonuclpatadicoupling interactions cause substantial
broadening of the line, and in the liquid amorphatste the increased molecular mobility
implies substantial averaging of the dipolar intéicns, producing sharper signal at 100 °C and
above. As there are two different values of glagsdition temperature estimated by standard
DSC i.e.T,*" = 94 °C andTly™ = 74 °C one could expect differences in the speatr80 °C
(i.e. sharper bandshape for fully amorphous sample)the spectra look similarly. However,
the fictive glass transition temperature for ARnflors similar to that of the fully amorphous
form i.e.: T,NhsnAR) = 76 °C, which explains spectra similarity. Neaitjentical *H
bandshapes suggest that two forms of valsartan ¥anyesimilar molecular mobility on the

timescale being probed.

120 °C

-150 -100 -50 0 50 100 150
v/ kHz

Figure 51.VT static'H NMR spectra of (A) AR (solid line) and (B) AM (ded line) forms of valsartan. The

sharpening of bandshapes is observed with theaseref temperature and is significant far above the

glass transition temperaturég® = 94 °C, T, onAR= 76 °C andr/* = 74 °C) at 120 °C, where

samples are in the liquid amorphous state.

To investigate the potential involvement of the Y&Y5C(10)OOH and N(5)H groups in

the hydrogen bondings’H MAS NMR studies were also performed using ultastf

magic-angle spinning to reduce the line-broadenasgociated with the strong dipolar
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interactions betweefH spins. Five different resonances are clearlyirdisishable in the
'H spectrum of as-received valsartan at a spinrate of 67 kHz, Figure 52, corresponding to
alkyls (0.9 ppm), alkyls bonded with N-1=%.6 ppm), aromatic ~7.1 ppm), acidic
(=14.2 ppm) and tetrazole16.4 ppm) protons. The signals arising from C-6 @atll in the
AM form are less intense and are not resolved adueanhorphisation and conformational
changes. Furthermorél spectra of fully amorphous form show significaritemical shift
displacement of tetrazole proton (N(5)Mjy = 1.1 ppm) suggesting involvement of tetrazole
proton in hydrogen bonding. The acidic proton (JQAOH) is also broadened and moves to
lower chemical shift but due to low resolution iasvnot possible to precisely estimate its
chemical shift.

CH,, CH,, CH

tetrazole H acidic H

I
/K/:\ aromatic
I

20 15 10 5 0 -5

Figure 52.'H MAS NMR spectra of (A) as-received and (B) fully @mphous valsartan recorded at a MAS rate of
67 kHz.

5.3.1.5.3 Proton—carbon-13 heteronuclear correlation solid-site NMR

Additional information was obtained by heteronuclearrelation experiments. Using HETCOR
experiments with short contact times, experimeregi2D*H-C dipolar correlation maps

with only correlations between carbon resonancesk the protons to which they are most
strongly dipolar coupled and if longer contact tingseused, more correlations will appear
resulting from longer range dipolar couplings aHdspin diffusion. The experiment with short
contact time clearly showed cross-peaks from €pi& in the AM valsartan form, Figure 53.
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This splitting confirms>C experiment findings that AM form most likely etsisas a mixture of
cis-trans conformers. The experiment with long contact timiel not reveal any new

information about the systems.
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Figure 53.The 40-80 ppm region 6iC-"H HETCOR spectra of (A) as-received and (B) fully aphmus valsartan
with 0.1 ms contact time showing directly bonde#i @nks only. The fully amorphous form shows two

split signals from C-6 suggesting valsartan exgstn a mixture ofis-transisomers.
5.3.1.5.4 Nitrogen-15 solid-state NMR

The N CP MAS NMR was successfully employed to examioé/morphism of a closely
related system irbesartan [27]. Valsartan in alssifite can theoretically exist in two tautomeric
forms exhibited by tetrazole ring i.e. as 1,2,&#dzole or 1,2,3,5-tetrazole, Figure 54,
similarly to that of irbesartan [27].
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Figure 54.Possible tautomeric forms of valsartan: (A) 14~3automeric form and (B) 1,2,3,5- tautomeric form.

Also, as previously mentioned, in a solution vdksar exists in two different
conformations due to the hindered rotation of itside bond [77, 78] and as suggested by
%C CP MAS NMR results similar behaviour might be esed in the solid state in the AM
form of valsartan. To investigate the possible dméric and conformational differences in
valsartan forms™N CP MAS NMR was employed.

Figure 55 shows®N CP MAS NMR spectra of both valsartan forms. Aseieed
material gives 5 clear signals, as expected and wigaals at about —52, —160 and —255 ppm.
The assignments are made by comparison with literdfN data for tetrazole-containing
systems and computational prediction of chemiciitssfor crystalline valsartan, Table IV and
Figure 56. The signal at —247.3 ppm can be easfligaed to N-1. Assigning tetrazole peaks is
not entirely trivial. To establish protonated ngem standard dipolar dephasing experiment was
used, however, without success thus inversion-ego({iR) CP MAS technique was then
employed. IR CP MAS experiment confirmed that sigata-149.4 ppm arises from N-5, i.e.
protonated nitrogen, Figure 55D. The signals at2-B8d 10.3 ppm arise from N-4 and N-3,
respectively. The signal at —71.2 ppm can be asdign N-2. The assignment is in good
agreement with irbesartan form A (except for N-8J @omputational prediction of chemical
shifts for crystalline valsartan, Table IV and Figuwb6, and thus it can be concluded that
valsartan in the solid state exists as a 1,2,3rdzele tautomer. The low intensity signal at —-52
ppm was clearly observed on the spectrum at 80 i€ HLO °C (data not shown). The
remaining low intensity signals at —160 and —25mpguld not be resolved and also due to
amorphous nature of material the experiments needadlong spectrometer time and thus it
was not possible to obtain better signal-to-no@@rspectra. The spectrum of AM valsartan
shows general broadness of resonances and sigrRB4l adpm is more intense and now can be

clearly observed.
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Figure 55. Nitrogen-15 CP MAS NMR spectra of AR VAL at (A) 6 kidpinning rate (3 spectra added — 151 000
repetitions in total) (B) at 10 kHz spinning rat® (B0 repetitions in total), (C) AM VAL at 10 kHz
spinning rate (40 000 repetitions) and {f IR CPMAS NMR spectrum of AR VAL at 10 kHz
spinning rate (2 spectra added — 331 000 repedifiototal). Arrows {) indicate signals arising most
likely from other conformational isomer impurity fhe AR form. All spectra recorded at room

temperature. Asterisks (*) denote spinning sideband
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Figure 56. Plot of**N calculated chemical shielding crystalline valaarts. experimental chemical shifts for a main
isomer of AR form for'®N signal.

Table IV. Nitrogen-15 chemical shifts for valsartan and otietated tetrazole systems.

on/ ppm
Compound State NP NI N-I11 @ NIV N aliphatic Re.
Cis! tracz;:z:aegs inAR colid _112'3"1’ - ~132 103 | -51.7,-71.2 | —254.9, -247.3  this
(1,2,3,4-tetrazole) (N-5) (N-4) (N-3) (N-2) (N-1) work
Cis/ "a'\‘/:ssz:aegs in AM ol 1525 _15.2 115 | -536,-67.8| -253.3 this
N- N-4 N- N-2 N-1 k
(1,2,3,4-tetrazole) (N-5) (N-4) (N-3) (N-2) (N-1) wor
Trans‘(:crilscti:g?: Cf‘)ff"sarta” solid ~149.0 _18.4 13.8 —68.1 —244.1 this
(1,2.3 4-tetrazole) (N-5) (N-4) (N-3) (N-2) (N-1) work
Irbesartan form A solid -143.4 -13.6 13.0 -54.2 -216.4 this
(1,2,3,4-tetrazole) (N-25) (N-26) (N-27) (N-28) (N-1) work
5-phenyltetrazole .
| -153.2 -16.9 51 -78.0 - 27
(1,2,3,4-tetrazole) solid [27]
Irbesartan form B solid -88.7 -3.2 -50.7 -79.3 -219.0 [27]
(1,2,3,5-tetrazole) (N-26) (N-27) (N-28) (N-25) (N-1)°
1-methyl-1,2,3,5-tetrazole .
(1,2,3 5-tetrazole) solution -101.8 -0.8 —46.8 -72.8 [232

2The nitrogen atom labelling used is the 1,2,3,/atmtle convention.

®The nitrogen atom labelling used is as in Ref. [26]

€ Biso = —(Giso—Oref), Whereoes = —164.9 ppm.

9The nitrogen atom labelling used is as in Ref. [27]

¢Originally chemical shift was reported with resptchitrate resonance of solid external ammoniutrate but here are reported relative to the signal
of nitromethane to achieve consistency with otlead

5.3.1.6 Molecular mobility

By employing NMR it is possible to provide micropaoinformation about molecular mobility
[59, 200, 214]. The differences in molecular mapibetween fully amorphous and as-received
valsartan were demonstrated based on different Néd&kation times. Spin—lattice relaxation

time (T;) and spin—lattice relaxation time in the rotatiftgme {,) were investigated by
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'H static SSNMR and®C CP MAS NMR in the temperature below and above gless

transition.

5.3.1.6.1 Spin-lattice relaxation time

Figure 57 shows th&," as a function of temperature obtained for examiveddartan forms.
TheT, relaxation time is sensitive to motion procesdat® order of 100-500 MHz [200]. The
T." measurements show a monotonic increase iTthvalues with increasing temperature for
both forms. The values @;" at room temperature are significantly differenthoth forms i.e.
T,"®R = 0.99 +0.02 ms (n = 2) and"® = 1.49 +0.04 ms (n = 2). There is no sharp chamge
the T," around the glass transition region, this suggéstisrapid motions (e.g. methyl rotation)
not change drastically when going By[233]. The activation energy calculated frds' plot
was found to be significantly different i.e.: 7 AR form and 3.7 kJ mdifor AM form.
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Figure 57. Static proton (A); for AR and AM valsartan forms.

These findings were confirmed bYC T, relaxation times, Figure 58. One of the basic
advantages measurements Tf versusT," measurement is that the relaxation time of
individual carbons can be measured and thereforg pmavide specific information with
respect to the local motion (i.e. GHCH,, ring rotation etc.). In most cases ti€ resonances
intensity in this study can be fit to single expoti@ function to extract,¢ values with the
exception of the aliphatic carbons at 27.5 ppm tvlian be fitted to bi-exponential function.
This bi-exponential behaviour most likely ariseznfirthe strong overlapping of the peaks in this
region of the spectrum. The values of relaxatiares for carbons at 14.0 ppm (C-1), 19.6 ppm
and 22.6 ppm aliphatic carbons were about 1 2@ ppm about 2 s and for aromatic carbons
40 and 48 s, th&, for C-5, C-10, C-24 carbons were longer than 88dtherefore too long to
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measure. As in this case a longef indicates slower molecular mobility of molecules i
SSNMR the mobility of the phenyl rings, tetrazadlegrand C-10, C-5 in carbonyl groups could
be described as a slow rotation. In contrast thexasion behaviour of signals for aliphatic
carbons which are due to the side chain alipharbans could be described as fast rotation.
Most of theT,¢ values for aliphatic carbons of both valsartam®rmare similar and within the
measurement error, Table A | of appendices. Thevamn energies for both forms are
identical within the measurement uncertainty, Feg6®. For examplé&, for methyl carbon
(C-1) was calculated to be 12.5 #1.1 and 12.1 K10mol* for AR and AM valsartan,
respectively. Similarly aliphatic carbon at 19.61ppasE, = 7.8 +0.7 and 7.8 +1.2 kJ mbfor

AR and AM form, respectively. Slight difference wiaind for aliphatic carbon at 22.6 ppm
E.=10.1 #1.0 (AR form) and 7.4 1.1 kJ miq]AM form) which is not fully understood. The
behaviour of aromatic carbons is different than #@iphatic ones, Figure 58. The aliphatic
carbons show a linear decreasd dfvalues and do not show any significant changeratdbe
glass transition temperatures whereas aromaticonarlshow sharp jump around the glass
transition at around 80 °C suggesting that theeimse in mobility above the glass transition is
mainly due to change of aromatic rings mobilitygutie 58. The change around 80 °C suggest
that NMR “can see” the fictive temperature for apfwmus structure with high enthalpy
relaxation peak as the change in fherelaxation times seen is closer to the fictivesgla
transition temperature (76 °C) rather than the gglaansition obtained by standard method
(94 °C) for the AR form.
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Figure 58. Examples of*C T, relaxation behaviour of AR and AM valsartan foriBphatic carbons do not show

any significant change around glass transition tatpres TR = 94 °C,T,Mardsn(AR)= 76 °C
andTgAM =74 °C) whereas aromatic carbons show sharp jumma glass transition around 80 °C

suggesting that the increase in mobility abovegihss transition is mainly due to change of theratic

rings mobility.
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Figure 59. SelectedT,® data as a function of reciprocal temperature #+CJ as-received and (D-E) fully

amorphous valsartan form and corresponding actinanergies.
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5.3.1.6.2 Spin-lattice relaxation time in the rotating frame

The Ty, relaxation time is sensitive to the intermolecutaeraction and may distinguish phase
structures with different degree of order or crifistidy. The Ty, relaxation time reveals motion
processes of the order 20-100 kHz [20Q)" was measured above and below glass transition
temperature. Figure 60 shows fig" as a function of temperature obtained for two fowh
valsartan. As expected’,lpH values below the glass transitions for as-receivederial are
higher than for totally amorphous valsartan. THéedénce at ambient temperature is relatively
low i.e. T,,"*® = 15.2 0.3 (n = 2) an®,,"*" = 11.7 +0.1 ms (n = 2); previous study of small
API relaxation times has shown higher difference3;j, between solid states i.e. in order of
tens to hundreds ms [214], however the study coetparystalline versus amorphous form.
The low difference suggests very similar molecutawbility of both forms and the results
demonstrate that amorphisation makes valsartan maoigle after heating and suggests the
disordered state, which is attributed to poor makepacking resulting from the co-existence of
multiple orientations. In the case ®f" values there was no significant change around glass
transition temperature, it can be seen that afigtbere is marked decreaseTi” values. As
expected values abovgin the liquid amorphous state for both materiats similar. Since the
proton diffusion in solids is facilitated throughetintermolecular interactions which is largely
dependent upon the proximity of neighbouring hyérogtoms and the local intermolecular
interaction, decrease dTlpH indicate reduction in short-range order [59, 2IMe findings

indicate high sensitivity oT,," towards the short-range order in a solid state.
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Figure 60. Static protonTlpH data for AR and AM valsartan forms.

Also spin—lattice relaxation in the rotating frame the specific carbon®C TlpH) were

measured, Figure 61. THEC T,," relaxation showed mono-exponential behaviour. &ligr
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a decrease in*C Ty," values with increasing temperature in both forrasmparison of
relaxation times does not clearly show significdifferences in molecular mobility for both
forms within analysed range of temperature. In gfipdo theT; relaxation times, it is seen no
significant difference between aliphatic and ardmagpH relaxation times as th&,, is more

sensitive to the overall molecular motion.
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Figure 61.Selectelotsof TlpH measured via CP ontdC as a function of temperature for as-received atig fu

amorphous valsartan forms.

5.3.1.7 Molecular mobility in the annealed fully amorphousvalsartan
5.3.1.7.1 Temperature-modulated differential scanning calorinetry

To investigate the impact of annealing at differémtnperatures below the glass
transition on the glass transition temperature enthalpy relaxation fully amorphous form
(AM) was annealed at 30, 40, 50 and 60 °C for diifié length of time from 0 to 16 h and
characterised by TMDSC. Figure 62 shows the totakrsing and non-reversing heat-flow rate
obtained from TMDSC as a function of temperatureAM amorphous valsartan annealed at
50 °C for different lengths of time from 0 to 16 The enthalpy recovery peaks, Figure 62C,
shown on non-reversing curve, increase and shifhigher temperatures as ageing time
increases. Note that enthalpy relaxation peak @mwlserved in unannealed (no isothermal
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ageing) sample which is due to annealing duringliegoand heating DSC scans. On
reversing curve only glass transition is obsengdgeing time increases tT, moves toward
higher temperature. The enthalpy relaxation andgs transition depends on the length
annealing time. For example the glass transitionpegratures change from 76.7 to 77.3
onset of enthalpy relaxation peak from 67.4 to P@.4ndAH from 2.8 to 7.4 J ™" without and
after 16 h of annealing for sale annealed at 50 °C. For comparison: the glassitran of AR
valsartan samplwas aroun 94 °C, onst of enthalpy relaxation peal2 °C with AH = 2€J ¢
The effect of annealing can be strongly observed fonas annealed at above 40 °C an
reletively low for sample annealed at 30, Figure63. As mentioned previous the location o
the glass transition temperature is a functiorheféxperimental cooling rate and of the ther
history of the glassy materi[12€]. Thus values reported for valsartan determinedtagdarc
DSC and TMDSC varie

Arinezlirg time (0 - 16 k)

Figure 62. (A) Change of total, (B) reversing and (nor-reversingheat capacity of AM valsartan annealed at 5(

for different length of time from O to 16
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Figure 63. An enthalpy lost with time on structural relaxatiof AM valsartan form annealed at 30, 40 and 60 °C.
The value of enthalpy relaxation®t= 0 h was subtracted from values of enthalpiesnokaled samples
to exclude effect of thermal history during coolimgating run. The relative standard deviations of

enthalpy measurements were less than 10%.

5.3.1.7.2 The effect of annealing on the NMR relaxation times

To investigate the molecular mobility changes dyr@mnealing of fully amorphous forri,"
and TlpH NMR relaxation times were measured, Table V. Dugé measurements fan"
relaxation time in two different samples of unanedaAM form give following values
1.53 £0.007 and +1.45 +0.003 s, where uncertainfsed are the standard errors in the
parameters as determined from nonlinear regressiatysis. Because of the spectrometer time
needed for analyses, the replicates runs werebiatned for all the samples. The sample was
annealed at 60 °C, i.e. around 14 °C belgwas determined by standard DSC. 'Il'ﬁf?—:-changed
from 1.53 £0.007 s to 1.25 £0.014 s after 19 h miealing, where thd@," for AR form was
0.97 £0.004 s. These results suggest that anneblhgw T, significantly reduces overall
molecular mobility of amorphous material.

TheTy," relaxation time in two different samples of unaaied AM form are as follow
11.64 +0.11 and 11.74 +0.14 ms. Thg" changed from 11.64 +0.11 to 12.26 +0.18 ms after
19 h of annealing in comparison tﬂig” for AR form was 14.86 +0.21 ms. The behaviour of

TlpH suggests that annealing reduces molecular mobitit0—-100 kHz time scales as well.
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Also theT; relaxation times were measured for annealed nagtéowever the results
were within the error measurements and it was assiple to observe significant differences in

the analysed materials.

Table V. Impact of annealing time o'F}lH andTl,,H relaxation times for fully amorphous valsartamicAM form)

annealed at 60 °C and recorded at 25 °C. The rédaxines for AR form are shown for comparison.

o Relaxation time T /s T, I ms
Annealing time / h
Form AR AM AR AM
0 0.97 +0.004 1.53 +0.007 14.86 +0.21] 11.64 +0.11
N/A 1.28 +0.027 N/A 11.69 +0.16
3 N/A 1.33 +0.009 N/A 11.48 +0.13
19 N/A 1.25 +0.014 N/A 12.26 +0.18

5.3.1.8 Intrinsic and apparent dissolution rate measuremert

The dissolution rate is a key parameter considetadng preformulation drug
development stage. As the API has to be dissohefdré it can be absorbed, the dissolution
profile can have an impact on both pharmacokinatid pharmacodynamic parameters [234].
To understand how the subtle differences in amarphstate can affect the dissolution
behaviour intrinsic dissolution and apparent diggoh tests were carried out. Intrinsic
dissolution profiles for AR and AM valsartan in deised water are shown in Figure 64A. IDR
was calculated from slope of each curve for timeioge of 0-120 min. AR valsartan

showed IDR value of 24.6 #0.Lhg min' cm?

AM sample showed IDR value of
11.0 +0.1ug min* e, which was about twofold lower than the AR valaartsample.
Apparent dissolution tests from powdered drug ilonieed water were also performed, Figure
64B. Results confirmed that the dissolution prafilre significantly different for examined
amorphous solid states of valsartan. It is wideipwn that amorphous material has a higher
free energy and usually presents a greater sdlubitid dissolution rate than its corresponding
crystalline form [4-6]. Surprisingly, in these siel it was observed that less ordered, fully
amorphous material (AM form) has lower dissolutiate than amorphous form with higher

structure arrangement.
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Figure 64.(A) Intrinsic and (B) apparent dissolution profilegsvalsartan in different solid state forms inatézed

water.
5.3.2 Valsartan and bisoprolol compatibility studies
5.3.2.1 Thermal analysis

Figure 65 shows the standard DSC traces of criystaisoprolol with 10 °C mit heating rate,
cooling the sample to —50 °C at 10 °C miand a second heating. On the first heating, thé DS
curve shows one sharp endothermic peak with ant@isk02.3 +0.3 °C and an enthalpy of
fusion AHgiso = 110 #2 J @ due to melting. Three events are observed on ¢hensl run:

a glass transition at —3.6 +0.9 °C with a changhegft capacityAC,) of 0.51 +0.02 Jg K™,
followed by a cold crystallization exotherm at 24@6 °C AH = 80 +2 J @) and a melting
peak with onset at 95.4 +1.4 °@QH = 85 +#1 J @). The lower values of the melting
temperature and heat of fusion in the second tepatisly be due to differences in morphology
in the re-crystallized phase of sample comparetthdcoriginal crystalline material. There may
be nanocrystalline domains present in the re-dliggtd sample, which can lower the peak of
melting, and/or the re-crystallization of the antmps material may be incomplete. Both
starting and re-crystallized material showed bingience under polarized light microscopy,

confirming their crystalline nature Figure 66A dad
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Figure 65. Standard DSC curves of crystalline bisoprolol st heating, cooling (glass transition of
amorphised material) and%heating (glass transition, cold crystallizatiorelting of re-crystallized

material). All runs obtained at a 10 °C fliheating rate.

Figure 66.Polarized light photomicrographs of bisoprolol(&f 30 °C, showing birefringence indicating crysta
nature of the as-received material, (B) and (C) shgwmelting transition at, 100 and 101 °C,
respectively, (D) fully melted material at 103 °@d&E) material after cooling in the re-crystaltize
state, recorded at 30 °C. Re-crystallized matehiahs different crystal habit (spherulites). Sampes

heated with 5 °C mif rate.
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TGA curves, Figure 67, of the individual componerasd a 50/50 (w/w)
bisoprolol/valsartan (AR form) physical mixture ghthat the ingredients change individually

in the mixture, indicating that no degradation tluenteraction of the components takes place.

100 -

80

204 — VAL

————— BISO N
—.—.—. 50/50 BISO/VAL s
0 . : . K _— e
0 100 200 300 400 500 600

Temperature / °C

Figure 67.TGA curves for valsartan (AR form), crystallinedyisolol and 50/50 (w/w) physical mixture of
bisoprolol/valsartan (AR form), showing no evideltenass loss before the degradation points of the
individual components.

However, the DSC curve of the same physical mixtkrgure 68, does not show the expected

sharp bisoprolol melting peak and instead showslaweed broad endothermic peaks at around

60-100 °C, indicating some physical or chemicagnattion has disrupted the crystal lattice of

bisoprolol. The total enthalpy of this peak is mstied to be 51 +5 Jgwhich is lower than the

weighted sum of the enthalpies of the individuaihponents, AHgso + AHvaL)/2 ~ 68 J @,
suggesting interaction. Two minima at about 77 400 °C are observed. The peak with
minimum at around 100 °C can be ascribed to théadmy relaxation peak of valsartan

(form AR). This is confirmed by the DSC trace ofphysical mixture made with freshly

prepared amorphous valsartan (form AM), which shownlg the broad peak with one minimum

at 77 °C, confirming that the peak at 100 °C arises valsartan (form AR). The interaction
observed by DSC is also seen in a simple micro-naacroscopic observation; powder samples
mixed and heated on the hot-stage to about 60 f@ecbinto a more viscous state, and the

material becomes sticky.
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Figure 68. Standard DSC curves of the APIs and their 50/5@ighymixtures. The broad endothermic peak in the
mixture indicates a significant physical or cherhingeraction. All runs obtained at a 10 °C flineating
rate.

TMDSC was employed to separate the kinetic andntbdynamic processes during
heating for a selected number of samples. Figufe Sbws the reversing and non-reversing
heat-flow rates obtained from TMDSC as a functibtemperature for the pure components and
physical mixtures in 80/20, 50/50 and 20/80 (whajias. TMDSC separates the relaxation
enthalpy of valsartan, observed in the non-revgrsignal, from the change in heat capacity at
glass transition observed in the reversing sighhe non-reversing curves for the 20/80 and
50/50 physical mixtures (solid lines) clearly shdwe enthalpy relaxation peak ascribed to
valsartan (form AR) and a broad endotherm mostaistybdue to physical or chemical change
of bisoprolol fumarate. The enthalpy relaxatiorthie mixtures is difficult to estimate precisely
due to peak overlap, but the values are approxijnat@% and 50% lower than expected
(AHsowvaL ~4 J g compared to 50%Hya. = 13 J @, andAHggva. ~11 J §* compared to
80% AHya. =21 J @Y. It was not possible to estimate the value ohalply relaxation for the
80/20 mixture. The reversing curves of the physieaitures, dashed lines in Figure 69A, show
only one event i.e. the glass transition. It isacléhat there is a change in the glass transition
temperature of valsartan in the 50/50 and 80/2GiphAymixtures, and in its heat capacity in all

mixtures.
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Figure 69.(A) 1st and (B) 2nd heating TMDSC experiments. Rémgr@lashed line) signals show changes in glass

transition and heat capacities. Non-reversing ddoie) signals show changes due to bisoprololaréds

interaction and enthalpy relaxation of valsartamr(f AR), cold crystallization of bisoprolol, enthglp

relaxation of co-amorphous mixtures and valsartam( AM).

Standard DSC experiments performed for twelve maysnixtures from 0 to 100% of

bisoprolol show the same behaviour, Figure 70, bserwed in TMDSC on the selected

samples. In the physical mixtures with 90% bisagirbl weight, the melting peak is broadened

but can still be observed, while the melting peaswot identified with 80% or less bisoprolol

in the mixture. The interaction was also observeden polarized light hot-stage microscopy,

Figure 71.
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Figure 70. Standard DSC curves obtained at a 5 °C hhieating rate for APIs and their physical mixtumres i

a various weight ratios.

Figure 71.Polarized light photomicrographs of bisoprololsatan 50/50 physical mixture at (A) 30 °C and (B)
85 °C showing interaction. Sample was heated wi@ sin rate.

In the second heating of the physical mixtureshhmmponents are amorphous. The
TMDSC reversing curves of quench-cooled bisoprdiigure 69B, show two thermodynamic
processes: the glass transition and melting. Ase@rp, the kinetically hindered cold
crystallization process appears on the non-revgrginrve. Neither melting nor cold
crystallization is observed for co-melted 50/50 gibgl mixture; only a glass transition is
observed. Compounds that are not miscible wouldvsia® separate glass transitions, one for
each compound, while the co-melted bisoprolol/wédsamixture only shows a single broad
glass transitionTy = 35.9 °C) at a temperature intermediate betwkeilof pure drugs, with
the temperature depending on the composition. Thiesings suggest that valsartan and
bisoprolol had dissolved each other to form a hasnogs amorphous mixture [235].

Bisoprolol effectively lowers th&, of valsartan thus affecting its stability.
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5.3.2.2 NMR, Fourier transform infra-red and X-ray powder d iffraction analyses

While DSC provides macroscopic information abouwg thteraction between bisoprolol and
valsartan, NMR and XRPD were used to probe the cotde basis for this behaviour.

Figure 72 shows th€C solution-state spectrum of bisoprolol d&i@ CP MAS NMR
spectra of crystalline and quench-cooled (amorphbisoprolol. Due to the instability of the
amorphous form at room temperature, spectra fdr bolid forms were acquired at —20 °C i.e.
below the glass transition temperature. StandardRN&thniques (COSY, HSQC and HMBC;
appendices: Figure A 4, Figure A 5 and Figure Av&re used to assign the solution-state
spectrum. The solid-state spectrum was assigne) ssilution-state NMR data and spectral
editing techniques: interrupted decoupling (dipalaphasing) and depolarization experiments
(inversion times from 25 to 100 ps), Figure 73. Thsulting assignments are presented in
Table VI. The assignment of the solid-state spectatains ambiguities due to its lower
resolution and the differences in chemical shiitsieen the solution and solid state. Some of
these ambiguities could, in principle, be resologdomputational prediction of chemical shifts
given a crystal structure [227], but it was notgibte to obtain diffraction quality crystal. Only
one signal is observed for each site of bisopratal the two chemically distinct sites of the
fumarate ion, indicating that the asymmetric ueit contains a single bisoprolol molecule and
a half molecule of fumarate. The spectrum of thystadline material shows set of low intensity
signals, denoted by arrows in Figure 72. Sinceetlieno evidence from solution-state NMR of
corresponding levels of chemical impurities, theigmals could potentially arise from a second
polymorphic form, or, more probably, enantiomeriefects” (e.g. e&R-molecule occupying
a site otherwise occupied & molecules). The low level of these signals (cqroesling to
about 1% of material) prevents further charactddea Thespectrum of the quench-cooled
form exhibits the expected general broadness ofréisenances due to the range of local
environments. These spectra vary slightly from expent to experiment, presumably

reflecting differences in cooling rates used tagbthe amorphous form.
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cs A. In solution
Cc-12 C-1
C-4 G2
C-7
Cc-9
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C-16
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B. Crystalline
C-1,C-2,C-17,C-18
C-3,C+4,C-5,C-6,C-13,C-14 ;
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Figure 72.(A) °C solution-state NMR spectrum of bisoprolol ig@at 25 °CC CPMAS NMR spectra of (B)
crystalline and (C) quench-cooled (amorphous) bidopat —20 °C. Asterisks (*) denote spinning
sidebands. Arrowsl) denote signals that are thought to arise frorgrmolphic or enantiomeric

impurities.
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Table VI. Solution- and solid-state NMR chemical shifts faxdprolol and 50/50 (w/w) bisoprolol/valsartan
physical mixture at 25 °C (solution-state) and 3§$@lid-state).

Bisoprolol/valsartan

Bisoprolol (after heating to 80°C)
Ca’\rlbon Iy I 13 130 13 1y 13
0 solution-state | solution-state | solution-state | solution-state CPMAS solution-state | solution-state
NMR / ppm NMR / ppm NMR / ppm NMR / ppm NMR / ppm NMR / ppm NMR / ppm
(D0) ([De)-DMSO) (D20) ([De)-DMSO) (crystalline) ([De]-DMSO) ([Dg]-DMSO)
1.22 1.12 18.61, 18.62,
17,18 (dd, 12H) (dd, 12H) 17.79, 18.21 20.48, 20.82 18.4,19.9, 1.21 1919 19.21
1.03 1.06 206,233
1,2 (d, 12H) (d, 12H) 20.93 22.49 1.06 22.48
3.10, 3.18 2.77,2.92
15 (2dd. 4H) (2dd. 4H) 46.63 48.65 2.93, 3.08 47.26, 47.28
337 3.04 512
16 (sep, 2H) (sep, 2H) 50.99 49.42 3.27 50.15
4.18 4.03
14 (m, 2H) (m, 2H) 65.56 66.76 4.12 65.57, 65.58
3.51 3.46
4 66.45 67.18 3.47 67.20
(m, 4H) (m, 4H) 64.8 (CH),
3.51 3.46 66.5 (CH),
5 (m, 4H) (m, 4H) 68.79 69.57 67.8 3.47 69.60
3.95, 4.03 3.92 70.2 (CH),
13 (2d, 4H) (m, 4H) 69.46 70.76 72.9, 3.93 70.29
4.39 4.38 73.6 (CH)
6 (s, 4H) (s, 4H) 72.19 72.11 4.38 72.09
3.58 3.52
3 (sep, 2H) (sep, 2H) 72.49 71.27 3.52 71.28
6.90 6.90 .
9,11 (d, 4H) (d, 4H) 114.65 114.67 113.1; 119.2 6.88, 6.90 114.38
7.25 7.22
8,12 (d, 4H) (d, am) 130.24 129.59 131.8, 135.1) 7.22 129.59
7 - - 130.32 131.02 130.4 - 131.23
6.37 6.39
20, 21 (s, 2H) (s, 2H) 135.26 136.07 138.6 6.53 135.16
10 - - 157.79 158.34 158.7 - 158.13
19, 22 - - 174.51 169.73 175.1 - 167.83

@Resolution of signals most likely due to chiralrerand it is the subject of ongoing independewmestigation® At —20 °C
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E Cc-19 Cc-1,C-2, C-17,C-18
2 i,

a 73.6 (CH,) 70.2 (CHy)
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180 160 140 120 100 80 60 40 20
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Figure 73.2%C CPMAS NMR spectral editing experiments for crystalbisoprolol recorded at room temperature at
6800 Hz spinning rate. (A) Conventional CP MAS, (B )P depolarization with 25, 35 and 1,08
depolarisation time, respectively, and (E) inteteaipdecoupling spectrum with 48 delay time. The
signal intensities for the CHs carbons are redumedhe CHs are reduced or inverted and there is
relatively little impact on the Cid and quaternary carbons in spectra with 25 and38version time
(B and C). On spectrum D with 108 inversion time all the CHs and gHare inverted leaving a small
methyl signals and the quaternaries positive. tapged decoupling spectrum (E) shows methyl signals
the quaternary carbons and unexpectedly CHs and/es €itlbons at 67.8 and 72.9 ppm suggesting
some mobility in the molecule. Asterisks (*) denspgnning sidebands.

Figure 74A—E show$®C CP MAS spectra of crystalline bisoprolol as acfion of
temperature. At low temperature, distinct signaés @served for the phenyl carbons (C-9 and
C-11) at 113.0 and 119.3 ppm, indicating that the halves of the phenyl ring are not related
by symmetry in the crystal structure. The phengbre&inces coalescence (at 116.0 ppm) above
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60 °C corresponding to increased molecular mobitify phenyl ring. This is commonly

observed in molecular solids e.g. Ref. [236] anférences therein. Carbon C-8 and C-12
exhibit similar behaviour, although this is notarlg resolved due to overlap with the C-7
resonance. Subtle changes in the isopropyl sig@als C-2, C-17 and C-18) are also observed,

which are also consistent with increasing local iitgtas the sample warms.
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Figure 74.23C CPMAS NMR spectra of (A-E) crystalline, (F) meltadri cooled to 80 °C in the liquid amorphous
state and (G—J) quench-cooled bisoprolol as aifumof calibrated temperature.

Figure 74F shows th&C CP MAS NMR spectrum of bisoprolol heated above th
melting point (to 120 °C) and cooled to 80 °C, aboboth the glass transition and
re-crystallization temperatures. The much sharpectsum is consistent with the sample being
in a liquid amorphous state, with a high degreenofecular mobility. As would be expected,
the phenyl ring and isopropyl methyl carbon resaearare averaged in this state.

Figure 74G-J shows variable-temperatti spectra of quench-cooled bisoprolol. As
discussed above, the spectrum of quench-coolegtoied at —20 °C is broad due to its glassy
nature. At 10 °C, above the glass transition bilvieehe cold crystallization temperature, the
spectrum is slightly more resolved and sharper taer-20 °C, consistent with increased
mobility and hence motional averaging in the liq@thorphous state. The appearance of

relatively narrow signals at 60 and 80 °C shows tia bisoprolol has re-crystallized [59].
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Figure 75 shows th&C NMR spectra of bisoprolol, valsartan and 70/3@ &0/50
physical mixtures at 38 and 80 °C. The spectraBatC3 correspond to appropriately weighted
combinations of the spectra of the pure drugs, sigpwo evidence of interactions between the
components at ambient temperature. There are changhe aromatic region (C-9, C-11) for
the 70% bisoprolol/valsartan mixture, implying ieased molecular mobility of phenyl ring.
This observation is puzzling, and may simply reflestrong sensitivity of this spectral feature
to sample temperature. The spectrum of the 50/3@)(physical mixture changes significantly
at 80 °C, Figure 75H, with the peaks associatedn whie bisoprolol having much lower
intensities. There are also some subtle changetheénvalsartan resonances, e.g. some
sharpening of the methyl carbon (C-1), suggestinmerease in mobility, and a slight decrease
in intensity of C-11, but these are difficult tdempret with confidence. In contrast to the DSC
results, there are no significant changes obseate®D °C for the 70/30 and 80/20 physical
mixtures in comparison to the pure drugs (datashotvn).

T=38°C T=80°C

VAL (form AR)

|
e - M

T T T T T T T

m

D 50/50 BISO/VAL (form AR)
heated to 80 °C and cooled to 38 °C

T T T
C 50/50 BISO/VAL (form AR)

T T
70/30 BISO/VAL (form AR)

crystalline BISO
C19

C-22 C-10 C-9, C-11

T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 180 160 140 120 100 80 60 40 20
S,/ ppm 5,/ ppm

Figure 75.°C CPMAS NMR spectra of each API and physical mixtimedifferent concentrations at 38 and 80 °C.

Figure 75D shows the spectrum of the 50/50 (w/w)yspal mixture of
bisoprolol/valsartan heated to 80 °C and then ebte38 °C. The spectrum at 38 °C is similar
to the spectrum at 80 °C, i.e. the reduction irerstties of the peaks associated with
crystalline bisoprolol is irreversible. Experimenising longer recycle delays (up to 16 s)

confirmed that the loss of these peaks was nottefaat of relaxation times — components with
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long spin—lattice relaxation would be suppresse@xperiments with short relaxation delays
between scans. The loss of bisoprolol signals caldd be associated with a dramatic increase
in molecular mobility, which would selectively rezkithe efficiency of cross-polarization for
mobile components. However, direct excitation & i€ spectrum, using recycle delays of up
to 50 s, did not reveal signals from mobile compuiséhat could be assigned to bisoprolol. To
investigate the apparent disappearance of the fodsignals in the 50/50 physical mixture
spectrum, the intensities of the methyl (C-1, 1dpin) resonance of valsartan and the alkyl
signal at 72.9 ppm of bisoprolol in the binary g were measured as a function of the
cross-polarization contact time, Figure 76. Thepslof decaying part of the curve, which
corresponds td,, relaxation, is similar for both carbons. This @nsistent with them being
mixed at a molecular level or in domains smalleantts nm [58] and also shows that the
weakness of the bisoprolol signals is not due padrd,, relaxation during cross-polarization.
The bisoprolol signals are present, but just veeakvand broad, presumably as a result of the
distribution of local environments and hence disfmer of chemical shifts for each resonance
due to amorphisation.

4.0

—&— 72.9 ppm from BISO
—e— 14.1 ppm from VAL

3.0

2.0

log,(signal)

0.9 i

0 2 4 6 8 10 12 14

Contact time / ms

Figure 76.%C NMR signal intensity vs. cross-polarization contiroe for the CHat 14.1 ppm of valsartan and the
alkyl signal at 72.9 ppm of bisoprolol in their 50/(w/w) physical mixture at 80 °C.

Figure 77 shows the X-ray diffraction patterns afstalline and guench-cooled
bisoprolol as a function of temperature. The diffien patterns of the crystalline material
at 60 and 80 °C show only modest changes of paaksity and no significant changes in peak
position, suggesting that there is no significanictural change during heating, which agrees
with the DSC and NMR findings. XRPD of the quendwled bisoprolol at 0 °C, i.e. below the
re-crystallization temperature, shows a charadtertsalo pattern confirming its amorphous
nature. At 60 °C, the material has re-crystallibetd the same form as the starting material.
However, the diffraction peaks are much weakergesting a lower degree of crystallinity.
This is consistent with the lower melting point wEoprolol in the second heating and the
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slightly broader and less-resolved NMR resonandegiuench-cooled bisoprolol at 60 °C,
Figure 74l.
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Figure 77.Variable-temperature X-ray diffractograms of (Aystalline and (B) quench-cooled bisoprolol.

XRPD patterns of the 50/50 physical mixture, Figid8s show peaks corresponding to
bisoprolol at 25 °C. Although some studies suggiest the lack of observed interactions via
XRPD at ambient temperature proves that DSC is aensensitive technique [51, 237],
variable-temperature XRPD experiments are necessapyder to meaningfully compare the
two methods. A decrease of signal intensity from ¢hystalline bisoprolol component starts at
about 60 °C (data not shown) and at 80 °C the XRBfern implies that the material is fully

amorphous.
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Figure 78. X-ray diffractograms of crystalline bisoprolol, afphous valsartan (form AR) and a 50/50 (w/w)
physical mixture of bisoprolol/valsartan (form AR)(A) 25 °C and (B) 80 °C.
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In the second heating, the amorphous halo obsdreed0 to 60 °C confirms that the
material remains amorphous, Figure 79, as founotgr methods. In contrast to the solid-state
NMR results on 70/30 and 80/20 mixtures, but ineagrent with DSC, XRPD measurements
on the 70/30 physical mixture showed only partialogphisation of bisoprolol, with some of

bisoprolol remaining in its crystalline state, FHig@80.

A

25°C

ARSI nitatp

0°C

NMWHF“WMWMI g "MMWWMMW

15 o e % 3
Figure 79. X-ray diffractograms of 50/50 (w/w) physical mixéuof bisoprolol/valsartan recorded in the second
heating run at 0, 25 and 60 °C. No crystallizat®olserved above cold crystallization temperatore f
pure bisoprolol ¢ = 24.2 °C) or glass transition process for the 8@&w) mixture Ty = 35.9 °C).
XRPD halo pattern is observed at all investigatetpiratures confirming amorphous nature of the

mixture and lack of tendency to crystallization.
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Figure 80. X-ray diffractograms of a 70/30 (w/w) bisoprolaigartan (form AR) physical mixture at 22, 60 and
80 °C. The results obtained at 80 °C clearly show pattial amorphisation of bisoprolol, with some of
bisoprolol remaining in its crystalline state. Rleaote that the results are obtained from diffraeter
operating at Mo Kradiation in contrast to diffractograms shown timeo Figures which were obtained

using Cu K radiation.
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To investigate the potential involvement of the GO&nd NH groups in the interaction
between the drugsH MAS NMR studies were also performed using verst faagic-angle
spinning (53 kHz) to reduce the line-broadeningeisded with the strong dipolar interactions
between'H spins [238]. Four different resonances are disfishable in the fast MASH
spectrum of bisoprolol, Figure 81A, correspondiagrtethyl £0.7 ppm), methylene, methine,
hydroxyl, amine (2-5.5 ppm), aromatie7( ppm) protons and also a low intensity signal at
~10.4 ppm corresponding to an acid proton bondeairime group. Figure 81D shows spectra
of physical mixture of both APIs (solid line) andet sum of spectra of the pure materials
(dashed line) The lines of physical mixture areghdly sharper than the sum spectrum
confirming increased mobility at the onset of tidos; increasing the spinning rate of the
sample of untreated physical mixture to 63 kHz ltesuin the sample volume expanding,
presumably as the increased frictional heatingyénigd the interaction at about 60—-80 °C. This
volume expansion is consistent with the crystallisoprolol transforming into an amorphous
form with lower density. Figure 81E shows the spedf the physical mixture heated in an
oven to 80 °C and cooled to room temperature. s lare now significantly sharper than the
spectrum of the pure materials, due to increasddaular mobility in the amorphised material.
The spectrum also shows changes in the hydrogedidmpmegion i.e. in acidic and tetrazole
protons signals arising from valsartan, which implia change of hydrogen bonding due to
amorphisation and/or deprotonation of these acdibons. The differences in overall mobility
were confirmed by statitH NMR; the bandshape of untreated physical mixisnmeasurably
broader Aoy, = 37.6 kHz) then that from the mixture heated@e@ °C and recorded at room
temperature Av,, = 28.9 kHz), consistent with increased motionhe amorphised material,
Figure 82.
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Figure 81.'H MAS NMR spectra of (A) bisoprolol, (B) valsartamiiin AR), (C) valsartan (form AM), (D) 50/50
physical mixture of bisoprolol/valsartan (solidd)n(E) 50/50 physical mixture of bisoprolol/valsart
heated to 80 °C (solid line). D and E show alscstima spectra of valsartan and bisoprolol (dashe&d.lin

Spectra were recorded at an MAS rate of 53 kHzr&naesonances in physical mixtures indicate
increased mobility (amorphisation) of the mixtue-E).
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Figure 82.Proton static spectra of untreated (solid lina) heated to 85 °C (dashed line) 50/50 (w/w)
bisoprolol/valsartan physical mixtures recorde@®fC. The bandshape of untreated physical mixtire i
measurably broaden(., = 37.6 kHz) then that from the mixture heated36@ (Av,, = 28.9 kHz),
implying increased motion in the amorphised matkeria

To further investigate the nature of the interawtiolD and 2D solution-state NMR
experiments were performed. Although there is @nteyelated to degradation of bisoprolol in
acidic environment [239], spectra of untreated lagated to 80 °C bisoprolol/valsartan physical
mixtures do not show significant differences, iradilcg no significant degradation after heating
the sample to the interaction temperature (80 f@)leolding the mixture at this temperature for

10-15 min. Comparing the spectra of bisoprolol frate in isolation and in its physical

mixture reveals some significant differences'lih and **C chemical shifts, Table VI. These

differences are largest for nuclei close to thengngroup. For example, the methyl carbons

(C-17, C-18) show increased shifts of 0.09 ppm*érand 1.6-1.9 ppm fof’C, while the

methylene carbon (C-15) shift is 1.4 ppm lower hie mixture with valsartan. The fumarate

carboxylic carbons (C-22, C-19) shifts also chasigaificantly Adc = —1.9 ppm), implying a

change in association of the fumarate ions. Comgatie valsartan spectra is more difficult

due to the presence of two conformers in solutgsoeiated with hindered rotation of its amide
bond, see Refs. [77, 78]. Changes are seen focatmonyl group (C-5) and in the aromatic
region (Table VII). These are associated with cleangf conformational distribution of
valsartan due to interaction with bisoprolol, and mot discussed further in this paper. There is
also a noticeable change in shift of the carboxgdidoon (C-10Adc = —0.55 and -0.61 for the
major and minor conformer, respectively). Similarformation was provided by FT-IR

spectroscopy, Figure 83.
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Table VII. Solution-state NMR chemical shifts for valsartad &3/50 (w/w) bisoprolol/valsartan physical mixture

at 25 °C in [R]-DMSO. M and m denote major and minor conformegspectively.

)

)

Valsartan Bisoprolol/valsartan (after heating to 80°C)
Carbon
No H shift / ppm 13C shift / ppm H shift / ppm 13C shift / ppm
M m M m M m M m
1 0.74 0.87 14.16 14.25 0.73 0.86 14.16 14.27
2 1.13 1.30 2212 2.27 114 1.29 22.14 22.33
3 1.39 1.53 27.26 27.45 1.41 1.53 27.34 27.52
4 g(l)g‘ ;gg 32.90 32.94 i(l); ;gé, 32.96 33.07
5 - - 173.91 173.88 - - 173.89 173.74
6 4.445 4.07 63.39 66.18 4.50 3.97 63.49 67.31
7 2.18 2.12 28.00 28.04 2.18 2.10 28.08 28.21
8 0.74 0.69 18.25 18.93 0.73 0.685 19.23 19.11
9 0.92 0.92 20.59 19.84 0.91 0.91 20.56 20.06
10 - - 172.34 172.07 - - 172.89 172.68
11 4.61 4.46 49.15 45.90 22; 22; 48.81 45.90
12 - - 138.22 137.55 - - 137.39 138.12
13 7.19 7.08 126.72 127.37 7.10 7.02 126.14 126.8¢
14 7.05 6.96 129.24 128.16 7.05 6.95 129.46 128.8¢
15 - - 138.22 138.67 - - 138.82 139.67
16 7.05 6.96 129.24 128.16 7.05 6.95 129.46 128.8¢
17 7.19 7.08 126.72 127.13 7.10 7.02 126.14 126.8¢
18 - - 141.65 141.78 - - 141.01 141.27
19 7.51 7.51 130.98 131.05
20 7.62 7.62 130.98 131.07 V37 741 747 755 129'16’113219616 130.68,
21 7.55 7.55 128.14 128.01 ’
22 7.67 7.67 131.51 131.51
23 - - 123.84 123.84 - - Not detected| Not detecte
24 - - de’:l;;te d de':l(:éte d - - Not detected| Not detecte

d

@ Chemical shift of nonequivalent protons of methgie? Low and® very low intensity peaks. Low intensities will lett long™C relaxation times of
quaternary sites, but peaks may also be broadgnettional exchange.
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Figure 83.FT-IR spectra of (A) bisoprolol, (B) valsartan (foAR), (C) untreated and (D) heated to 80 °C 50/50
(w/w) bisoprolol/valsartan physical mixtures acediat room temperature. Spectra show significaiftt sh
of the carbonyl group band of valsartan (C4o = 1732.1 crit), indicating the change in the local
environment of carboxylic group. Due to peak oyeriawas not possible to obtain specific inforroati
about the interaction of bisoprolol in the physicakture.

More direct evidence of interaction between vassarand bisoprolol fumarate is
provided by the diffusion ordered spectroscopy (FP®&xperiments, Figure 84. In,D
solution, the fumarate species has a significafaisyer diffusion rate (by a factor of 1.5) than
the bisoprolol, as would be expected from its magtaller molecular mass and size, Figure
84A. In DMSO solution, however, the diffusion ratfsfumarate and bisoprolol are similar
(De = 1.746 (+0.006) x 18" m? s* andDg = 1.865 (£0.005) x I8° m* s%), implying that they
diffuse as an ion pair; this pairing is disruptedD,O solution, which allows the fumarate to
diffuse more freely, Figure 84B. The presence déardan has a similar effect in the DMSO
solution, Figure 84C; the valsartan and bisopradpecies migrate at the similar rate
(Dg = 1.52 (+0.01) x 18° m* s* andDya. = 1.552 (£0.007) x I&° m? s%), with the fumarate
diffusing 23% faster than bisoprolol. This stronglyggests that the valsartan and bisoprolol are
preferentially associating, leaving the fumaratecggs to diffuse more quickly. Although the
behaviour of molecules in solution cannot be diyecompared to their behaviour in the solid
state, these observations are consistent withiinepdive effects of valsartan on the crystalline

bisoprolol fumarate.
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Figure 84.2D-DOSY spectra of (A) bisoprolol fumarate in@ (B) bisoprolol fumarate in [p-DMSO and (C)
50/50 (w/w) physical mixture of bisoprolol/valsarte [De]-DMSO. The diffusion coefficient of

fumarate increases in presence of valsartan, stiggesmpetition of valsartan with fumarate.
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5.4 Discussion
5.4.1 Valsartan

Two different solid state forms of valsartan weresgstigated by thermal methods and
multi-technique solid-state NMR supported by péeatisize and shape analysis, solution-state
NMR, FT-IR, XRPD and dissolution studies. The siigaint differences in local structures and
physical properties for both amorphous forms weemiified.

DSC experiments clearly showed differences betvbedin analyzed forms. On the first
heating DSC curve of AR valsartan form presents émdothermic events. The second event
at the first glance may lead to a conclusion theg peak with a maximum at 100.6 °C
(AHvaL = 26 +2 J @) is due to melting as reported by some authorsdaB Two-step standard
DSC experiments confirmed that this endothermiamewa this first heating is complex i.e. two
processes: glass transition and enthalpy relaxatienlap. The DSC confirmed the amorphous
nature of AR form of valsartan with the fictive géatransition temperature value at around
76 °C with a high value of enthalpy relaxation ardul6é J g. TMDSC allowed for the
separation of the thermodynamic (glass transitam) kinetic (enthalpy relaxation) processes
and provided clear signal for the glass transiiiorihe AR form. Furthermore, Qi-TMDSC
provided reversingC, characteristic of the sample and change of the tagacity at glass
transition confirming amorphous nature of the asied valsartan form. Both DSC and
TMDSC confirmed amorphous nature of the AM valsaf@m with the glass transition value
at around 74 °C. HSM analyses also provided coutiion of amorphous nature of both forms.

X-ray diffraction measurements for both samplesasftbsome subtle differences. For
AR form there is some imitation of ordering, a ltgeeak around@=14.4° d = 0.62 nm)
and a sharper but quite tiny peak at aroufid=27.3° @ = 0.51 nm). Existence of additional
broad peaks in the diffraction pattern suggests ithadhe fresh powder sample, some larger
scale structures exist in addition to the broad rpmmus halo. In contrast, this higher order of
structure arrangement is diminished greatly ing@mple of valsartan treated to 14D In the
AM form the X-ray intensity in this range of scaitgy angle is very much reduced. There is a
distinct shift in the position of the peak maximwithe amorphous halo. This peak position
can be used to estimate the average inter-atomparation ¢-spacing) of amorphous molecules
of valsartan, by applying Bragg's Law. The sampbatbdd to 140 °C has amorphous halo
maximum occurring ad = 0.43 nm (2 =20.8°) indicating an expansion of the average
inter-atomic spacing of amorphous valsartan, t@laesabout 8% larger than that in the fresh

powder sample which hasde= 0.40 nm (2 =22.3°). It is observed that the valsartan structure
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scattering at ~14is greatly reduced after heating, suggestingtthiatstructure may have been

frozen-in by the thermal history during creation thfe fresh powder sample. Further

experiments would be necessary to determine thet exagin of this peak, and its possible

relationship to bound solvent (water) content. Otice sample is heated above its glass
transition temperature, structural rearrangemertoimes possible, causing a reduction in
amplitude of this scattering peak. XRPD confirmadogohous nature of both materials,

however with some higher level structure arrangérmetine AR form.

FT-IR experiments showed only subtle differencethancharacterised materials. There
was a change in the amide carbonyl (C(5)O) stretchiibrations fc-o« = 1603.8 cn,
ve=d™ = 1605.8 crf) consistent with a change in the environment & darbonyl group
associated with the amide moiety. This shiftingabSorption band to a higher wavenumber
could be attributed to the breakdown of the intdemalar hydrogen bonds between C(5)O and
the tetrazole N(5)H group as well eis—trans conformational changes around amide bond in
the fully amorphous form.

Carbon-13 SSNMR experiments confirmed structurtiedinces between both forms.
Firstly, distinct linewidths broadening can be alsd in fully amorphous form attributed to
co-existence many different orientations which giige in dispersion of chemical shifts for
each resonance which confirms that the materiatdse disordered than as-received sample.
Secondly, significant differences are noticed ia tesonances arising from carbons directly
bonded to amide bond nitrogen (N-1). By the conguariof resonances arising from C-11 and
C-6 in the AR form with solution-state NMR and adited spectrum is somewhat difficult to
unambiguously claim the conformation of valsartanthe AR form. The comparison with
solution-state could suggest that form AR existstigcas acis conformer i.e. in the solution:
C-11,0c° = 45.90 ppm and C-6.°° = 66.18 ppm whereas in the solid-state: CotiT = 46.2
and C-6,0c"" = 65.8 ppm. The calculated spectra based on tisistature {rans isomer) are
inconsistent with the solution-state data for C-8daq™™ = 51.2 +2.0 ppm (in solution
9" = 49.15) and C-Bic(caiy™™ = 73.1 +2.0 ppm (in solutiodc"™" = 63.39 ppm). However,
comparison of solution-state data as well as dasadb on crystal structure do not allow for AR
form conformation confirmation as the changes iengital shift due to packing in the solid
state might be at least as large as the differebhetseencis andtrans isomers for isolated
molecules. The plot of calculated chemical shigjdagainst experimental chemical shifts is

shown in Figure 85.
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Figure 85. Plots of**C calculated chemical shielding crystalline valsasts. experimental chemical shifts for solid-
state AR form and solution-statrans andcis conformers for°C. Only chemical shifts for carbons
which could be resolved in solid-state for AR forre plotted. Carbon 24 is not observed in the swhuti
thus data is taken from Ref. [78].

VT carbon-13 experiments revealed that AR valsaftam changes conformation
going through the glass transition. Above the glaassition and after cooling to the room
temperature carbons directly bonded to the N-1 shiowad signals at 48.3 ppm (C-11), 62.3
and 67.3 ppm (C-6). These results suggest that aft@se transition valsartan changes
conformation and probably exists as a mixtureisftransconformers. Similar behaviour in the
solid state for crystalline APl — captopril, wassebved by Wanget. al. using VT FT-IR
microscopy [240]During the phase transition of crystalline capildpom solid- to liquid-state
cis-trans isomerisation was observed. Furthermore, with easing temperature in the
liquid-state cis isomer was more favoured thdamans Also in the solid statecis-trans
isomerisationwas postulated as the origin of polymorphism inAE inhibitor fosinopril
sodium [241].

Further differences in the structure between botm$ were provided bjH ultra-fast
MAS NMR. Five different resonances were clearlytidiguished in the'H spectrum of
as-received valsartan. The signals from protonsleédrio C-6 and C-11 on the fully amorphous
form spectrum are broadened due to amorphisatidrcanversion of one isomer into probably
cis-trans mixture, furthermore, the signal of C-6 shows lovwsgensity due to split into two
signals as seen MC and HETCOR experiments. In the crystal strucafrealsartan reported
by Wanget al. the valsartan molecules are connected via twodggir bonds, both associated
with the tetrazole ring, Figure 2 [26]. One hydmdmnd is generated between the carboxylic

acid group (C-10) and the N-2 in the tetrazole ringd the other one exists between the
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carbonyl group (C-5) and the tetrazole ring athB position."H spectra of fully amorphous
form show significant decrease of chemical shiftaifazole proton (N(5)HAJL = 1.1 ppm)
suggesting involvement of tetrazole proton in hgem bonding. Acidic proton (C(10)OOH) is
also broadened and shifted but due to low resalutioras not possible to precisely estimate its
chemical shift. These finidings suggest that betinazole and acidic protons are involved in
hydrogen bonding in the AR form, more ordered malteand might be formed similarly as in
the crystalline form. Similar suggestions were régmb by Taylor and Zografi for amorphous
form of small API. It was found by X-ray diffractip IR and Raman studies, that amorphous
indomethacin appears to retain a local structung &milar to that of the crystal [242].
'H MAS experiments clearly showed the differencetia hydrogen bonding region between
two amorphous forms.

Nitrogen-15 NMR experiments allowed to unambigupusinfirm that both valsartan
forms exist as an 1,2,3,4-tetrazole tautomer. Bh®flow intensity resonances in the nitrogen-
15 experiments revealed that AR valsartan form texgredominantly as one probably
conformational isomer with some other isomer imgguiThe comparison of experimental data
to the calculated®N spectra based on crystal structusdréns isomer) could suggest that AR
form exists mostly as aBtrans isomer, Figure 56. HoweveFC data are ambiguous, thus it
was not possible to ascertain in which conformatiatsartan exist. ThEN spectrum of AM
form shows significant difference in comparisorutdreated form and suggests that AM form
is a mixture of isomers with the different rati@thAR form.

The differences in the molecular mobility betweeR form and fully amorphous form
were demonstrated based on BE SSNMR,'H static SSNMR and different NMR relaxation
times. The spin—lattice relaxation time) and spin—lattice relaxation time in the rotatfragme
(Ty,) were investigated byH static SSNMR and®C CP MAS NMR in the temperature
below and above the glass transition. '@ MAS DE NMR experiments indicated that alkyls
(C-1-C-4 and C-7—C-9) are fast-relaxing carbonsaipthatic carbons directly bonded to N-1
(C-6, C-11) and carbonyl groups carbons (G5l0) are slow-relaxing carbons suggesting
different molecular mobility of aliphatic (C-1-C-dnd C-7-C-9) and the other ones. The
VT *C MAS DE NMR did not reveal any differences in nmiar mobility between two
investigated forms, also static proton NMR measeres showed nearly identicdH
bandshapes suggesting very similar molecular nmigbiiowever, it was found that there is
some significant difference in molecular mobility measured bVlH andTlpH relaxation times.
The activation energy calculated frofd' plot was found to be significantly different i.g.4
for AR form and 3.7 kJ mol for AM form. The differences in th&, and T, measured on

individual carbons for both forms are mostly withmeasurement error. Howevef,©
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measurements provided information about moleculation behaviour of individual carbons
during glass transition. Aliphatic carbons shove#in decrease 6" values and do not show
any significant change around the glass transteomperatures whereas aromatic carbons show
sharp jump around glass transition around 80 °@esting that the increase in mobility above
glass transition is mainly due to change of arotrnaigs mobility. The aromatic rings are main
skeleton structure and tHE® data suggest that they are predominantly involiredlass
transition of both valsartan forms. The low diffiece suggests very similar molecular mobility
of both forms and the results demonstrate that phigaition makes valsartan more mobile after
heating and suggests the disordered state, whatfrilsuted to poor molecule packing resulting
from the co-existence of multiple orientationsthe case of," values there was no significant
change around glass transition temperature. It m@&rseen that abovg, there is marked
decrease im,," values. As expected values abdlgn the liquid amorphous state for both
materials are similar. Since the proton diffusiom s$olids is facilitated through the
intermolecular interactions which is largely depemdupon the proximity of neighbouring
hydrogen atoms and the local intermolecular intésac decrease dfy," indicate reduction in
short-range order [214].

AR form of valsartan and fully amorphous form cleaegsised by DSC and TMDSC
have different glass transition temperatures angel&nthalpy relaxation for AR form. The
amorphous systems formed by quench-cooling havexaess of thermodynamic properties
(free energy, enthalpy and entropy) as comparesuip@rcooled liquid state. During physical
ageing at a particular temperatufig) (@n amorphous material looses excess of enthalftiiea
system moves towards a more stable conformatioa.ahmount of enthalpy lost during storage
is recovered by the system during heating DSC nthis measured as an integral of enthalpy
recovery peak which overlaps with glass transitibhis phenomenon of enthalpy relaxation
reflects the molecular mobility in the glassy st28]. On the reversing curve only the glass
transition is observed as ageing time increasesTihmoves towards higher temperature.
TMDSC curves of valsartan storage at different terajure with different length of time did
not show exothermic and/or endothermic behavioue do crystallization and melting
suggesting a lack of crystallization tendency obgwhous valsartan. The molecular mobility in
aged amorphous forms of valsartan was charactenigdd' andTlpH relaxation times. There
was found significant difference between aged amaigad samples. The results suggest that
annealing below significantly reduces molecular mobility of amoopis material.

To understand how these structural and moleculabilityo differences in the
amorphous states can affect the dissolution bebgvintrinsic and apparent dissolution tests

were carried out. Both intrinsic and apparent diggm profiles show significant difference for
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examined amorphous solid states of valsartan. khaw that amorphous material has higher
free energy and usually presents a greater sdiuhitid dissolution rate than its corresponding
crystalline form [4-6]. Surprisingly, in these skesl it was found that less ordered, fully
amorphous material (AM form) has a lower dissoltiorate than amorphous
form with higher structure arrangement (AR formhisr behaviour could be due to observed
cis-trans isomerisations after heating as-received matextalve the glass transition. It is
known thatcis-transisomers can have different physical properties3[2244]. Sincetrans
isomers have more symmetry thais isomers,trans isomers in most cases have lower
solubility [245, 246] and in consequence bioavdlitgb[244, 247]. Thus change in the
concentration of valsartan isomers in AM form cawédna significant impact on the dissolution
rate. As it was not possible unambiguously asaeftaim which isomer AR form exists it is not
possible to discuss further this hypothesis.

From the pharmaceutical science and industry petispe characterisation of
amorphous structure of glassy API is crucial. Is leeen speculated, that solids which have
similar local structures in amorphous and crystallstate, should crystallize relatively easy,
whereas crystallization of APl with different locatructures might be hindered [2]. Even
though valsartan was approved by FDA in 1996 sdtfaas been marketed in its amorphous
form which is usually less desirable due to lowmloal and physical stability. The highly
crystalline form was obtained and patented relgtivery recently [25, 26]. It was also believed
to be difficult to make highly crystalline form efalsartan. These studies suggest that both
difficulties in obtaining crystalline form from adion and the high physical stability of
amorphous form could be due to conformational ditgiof the compound in both solution and
in the glassy state. Similar hypotheses have baggested and discussed in the literature for
amorphous inorganic and organic compounds [2, B€§-2Also the difference in the
dissolution behaviour in both investigated formssweéearly showed this may have an impact

on the final drug product bioavailability.
5.4.2 Valsartan and bisoprolol compatibility

Bisoprolol fumarate is found to have glass traasitbelow room temperature (—3.6 °C) and to
be unstable in amorphous form, undergoing re-cifizgion upon heating to the same
polymorphic form as starting material but probabWth a lower degree of crystallinity.
Knowing the glass-forming ability of APIs from theairystalline state is very important for
development of the solid dosage form. Amorphousds&drms usually show improved
solubility. The solubility improvement of amorphofam is not relevant to bisoprolol as it is

freely soluble, but formation of amorphous API ntigitrease the rate of chemical degradation
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and cause problems during manufacturing [66, 2933ird et al. [252] divided the
crystallization tendency of drug into 3 classesud3drshowing only a crystallization peak)(
and no glass transitio4) signal during the *Lcooling of melted drug belong to class 1, those
that do not undergo crystallization during thetfiesoling but become crystalline at abolg
during second heating, to class 2 and those thatodaonvert into crystalline form during
cooling/heating/heating cycle, to class 3. Bisoprdmarate is found to belong to class 2. The
crystalline form of valsartan could not be obtainkedt the thermal behavior of its amorphous
form indicates that it belongs to class 3.

Compatibility studies of crystalline bisoprolol famate and two amorphous forms of
valsartan (free acid) were completed over a rarfgeroperatures from room temperature to
above the phase transitions of both APIs. DSC aMB3C revealed the interaction of the APIs
by the appearance of a new peak and the disappeacdrihe bisoprolol melting peak in the
physical mixtures. Such lowering or shifting of tmelting peak in mixtures might occur as a
result of the formation of a eutectic mixture, whis a common phenomenon known for APIs
[253]. However, eutectics are generally considéneigrms of initially crystalline components,
whereas in this case one of the materials is anooiprhaving a4 rather than a melting point.
Moreover, the TMDSC reversing curve does not showradothermic melting peak, suggesting
no eutectic formation has occurred. Instead the tnemsition peak appears as a kinetic signal,
confirming irreversibility of the process and ingfimg chemical or physical interaction. To the
best my knowledge, this is the first report of AR compatibility studies involving mixed
solid states — crystalline and amorphous. Fi&CP MAS NMR and XRPD measurements
clearly show the interactions as the samples aatetigo 80 °C. Th&C NMR spectrum of the
50/50 physical mixture contained only broad and liovensity signals, suggesting that the
bisoprolol has interacted with valsartan and amisggh This is consistent with the picture from
XRPD. The stati¢H bandshapes suggest increased overall mobiliiysramorphised material,
while the'H spectra obtained at ultra-fast MAS rates shoviguificant changes in the signals
in the hydrogen bonding region arising from thedeciCOOH and tetrazole hydrogens of
valsartan.

A likely cause of the interaction is the competitioetween valsartan and fumarate for
bisoprolol amine group. Valsartan has two aciditties, the COOH group Kp, = 3.6) and the
tetrazole ring (Ba2 = 4.7) [254], while bisoprolol is a salt of bicanylic fumarate acid
(pKa1 = 3.0, Ka2 = 4.4) [114]. There is a possibility of H:xchange as valsartan has a lower
pKa: than K,, for fumaric acid. It is worth noting that valsartas a free acid is successfully
formulated with besylate salt API (Exfofgeamlodipine besylate), but benzenesulfonic acid is

a much stronger acid K = 0.70) than valsartan, and so acid-base reaistionlikely.
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Although K, values describe equilibrium phenomena in solutibis widely accepted
that they can be a valuable tool for predictingddmase interactions in solid-state [255]. It is
possible that the dominant interaction in the salidte could be protonation of the doubly
deprotonated fumarate in bisoprolol fumarate byabiglic proton of valsartan, corresponding
to a 1:1 molar ratio of APIs. The mole ratios ie fthvestigated 20/80, 50/50, 70/30 and 80/20
(w/w) bisoprolol/valsartan physical mixtures are faows: 1:7.04, 1:1.76, 1:0.76, 1:0.44.
13C CP MAS NMR measurement of 50/50 mixture reveatéeraction, whereas the 70/30 and
80/20 spectra showed clear resonances from bisdmoggesting that a significant fraction of
the bisoprolol fumarate was largely unchanged. TXRPD measurements indicated
amorphisation of the mixture at 50/50 concentrateamd experiments with the 70/30 mixture
showed an increased halo pattern, confirming somerghisation, but also some unaltered
bisoprolol fumarate diffraction peaks. In the 50rBixture there is enough valsartan to displace
one fumarate carboxylate, whereas in the 70/3088/2D mixtures there is excess of bisoprolol
fumarate, and thus crystalline bisoprolol can bélldetected by NMR and XRPD. The TMDSC
results show similar behavior with concentratiome tnon-reversing (kinetic) heat-flow rate
shows an enthalpy relaxation peak correspondinggartan AR form in the 20/80 and 50/50
BISO/VAL physical mixtures but not in the 80/20 mixe, where all valsartan had “reacted”.
The DSC shows evidence of the interaction over dewange of concentrations; the melting
peak is broadened but is observed in the physicgunas with 90% bisoprolol concentration,
while the melting peak was not identified with 8086 less of bisoprolol in the physical
mixture. The results show that the addition of $rmadounts of valsartan (>10%) leads to major
changes in the solid state of bisoprolol fumarktehis respect, the DSC is more sensitive than

XRPD and NMR, which both struggle to observe loacfions of amorphous content.
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5.5 Conclusions

Two solid forms of valsartan were characterisedrti-technique DSC and solid-state NMR

as a primary investigation tools supported by, whappropriate, particle size and shape
analysis, HSM, TGA solution-state NMR, FT-IR, XRRIDd dissolution measurements. The
calorimetric methods, HSM, SSNMR and XRPD have ate@ that both valsartan forms exist

as the amorphous materials with some higher lelvetracture arrangement in the AR form.

Some subtle differences between two forms could bésobserved by FT-IR whereas 1D and

2D SSNMR clearly distinguished both forms at thelenolar level. Furthermore, both forms

had significantly different dissolution behaviolm. my best knowledge this is the first report

where the more ordered APl material showed gredissolution rate than the fully disordered

material. In more details, taking into account diésed results, it was possible to make

following conclusions regarding valsartan:

analysed valsartan samples exist in two differenor@hous forms with some higher
level of structure arrangement in the AR form;

AR form exists mainly as one isomer, most likelyedo the hindered rotation of its
amide bond, with some impurity of the other isomer;

AM form exists as a mixture of two, most likebis-transisomers;

both forms of analysed valsartan exist as 1,2 &ré&zole tautomers;

both forms are physically and chemically stablehimitanalysed range of temperature
and do not crystallize;

molecular mobility of both forms is very similarplvever some differences can be
observed byl;" andT;," measurements suggesting more mobility in the AWhfo
based onT,¢ values it can be concluded that aliphatic carbdasnot show any
significant and sharp change around the glassiti@mngemperatures, whereas aromatic
carbons show sharp jump around glass transitioonard0 °C suggesting that the
increase in mobility above glass transition is Mmanfue to change of aromatic rings
mobility in both forms;

subtle changes in molecular mobility of annealed falkin can be observed Ay" and
T1,” NMR measurements, annealing significantly redusesall molecular mobility of
amorphous material;

AR form had greater dissolution rate than the fdilsordered AM form;

studies stress the importance of amorphous samgamtion as the amorphous

sample obtained from “crystallization” from solutigcommercial AR form) can show
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different physicochemical parameters than thatiobthby rapid cooling from “melt”
(AM form).

This contribution clearly demonstrated the impoctwwf characterisation of amorphous
pharmaceutical materials as there might be somestypf order and/or conformational
differences in that types of materials which mighave significant influence on
physicochemical properties and thus potentiallytlom pharmacological action of the final
dosage form. It was proved that calorimetric meth@hd SSNMR spectroscopy offer
a powerful tool for identification and charactetisa of differently disordered amorphous
forms of small APIs.

Furthermore, the crystalline and amorphous formsisbprolol and its compatibility
with two amorphous forms of valsartan were analygedorphous bisoprolol has low stability
and re-crystallizes above the glass transition. démpatibility study has shown that simple
blending of the APIs to produce a fixed-dose fowrwioh of bisoprolol and valsartan is
unsuitable due to physical and chemical reactionchvitauses amorphisation into a new
bisoprolol/valsartan material at elevated tempeestuand potentially also under long-term
storage. Thus, formulation of an FDC or polypillntaining bisoprolol and valsartan would
require physical separation of the ingredientsnguee a stable product. Similar problems might
be expected with excipents or APIs containing caylio group, for example with aspirin or
folic acid. It was demonstrated that thermal meshpthy a pivotal role in early detection of
API-API interaction leading to incompatibilitiesolfition- and solid-state NMR and XRPD
provide information about the molecular nature loése interactions. Variable-temperature
NMR and XRPD experiments are seen to be an ideaptmment to thermal methods in the
investigation of drug-drug incompatibilities as tkiaetics of potential interactions may be too

slow to be detected at ambient temperature.
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8 ABSTRACT

Valsartan is an antihypertensive agent belongingnigiotensin Il receptor antagonists
class called sartans. Valsartan can be used alonm @ombination with other
antihypertensive drug. Combining drugs with syr&igimechanism of action in one
dosage form has potential benefits, such as impr@¥kcacy, reduced dosing, lower
cost or enhanced patient compliance. Bisoprolol dtate is a betaselective
(cardioselective) adrenoceptor blocking agent. Batlsartan and bisoprolol are used
concomitantly in the treatment of cardiovasculaedses, however, there is no single

dosage form currently on the market containing lagants.

Valsartan is marketed in a non-crystalline statemfolt is estimated that
approximately 80-90% of the active pharmaceutiogradients (APIs) is formulated
into solid dosage forms. An active pharmaceutiogredient used in a solid dosage
form can exist in crystalline or amorphous statenofphous active pharmaceutical
ingredients have been used in the development afnmdiceutical solid formulations
due to their advantages over crystalline forms sashincreased solubility and
dissolution rate. However, amorphous APIs are Usleds stable than their crystalline

counterparts.

The occurrence of polymorphism in crystal pharmécels and its impact on
physicochemical properties on API is well documdritethe pharmaceutical literature.
Polyamorphism has been reported for inorganic camg@e but, it is believed that, there
IS no example of polyamorphism in pharmaceuticgefloee investigation into the
existence of polyamorphism in organic APIs is calicHowever, the differences in
amorphous forms regarding stability and physicodbaimproperties, obtained by
various preparation techniques have been repootedPRls. Despite a wide variety of
analytical techniques available to characterised sihte such as differential scanning
calorimetry (DSC), Fourier transform infra-red spescopy (FT-IR), solid-state

nuclear magnetic resonance (SSNMR) or X-ray powvdifractometry (XRPD), the
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structural characterisation of subtle differencesMeen different amorphous forms of
active pharmaceutical ingredients continues to hehalenge. The physicochemical
properties of a solid API are strongly related ooly to its structural features but also
to its molecular dynamics. It is important to ureland the dynamic of molecular
motion occurring in an amorphous APIs, as molecutdaxation takes place during

storage of formulated amorphous drug.

In this dissertation differential scanning calortrgeand solid-state NMR were
used to characterise solid state of two amorphalsaxtan forms (AR and AM) and
crystalline and amorphous forms of bisoprolol fuatey and also to evaluate their
compatibility. Form AR of valsartan was the comnnaig available material and form
AM was the material obtained by heating the AR faon140 °C and rapidly cooled to
a room temperature. The main analytical techniquese supported by, where
appropriate, particle size and shape analysis, stage microscopy (HSM),
thermogravimetric analysis (TGA), solution-state RMFT-IR, XRPD, and dissolution
studies. The study revealed that both valsartamdaexist as the amorphous materials
with higher level of structure arrangement in thie form. Both forms are physically
and chemically stable within analysed range of emrature and do not crystallize. The
DSC curve of AR form showed two endotherms, ocagraround 80 °C and 100 °C,
related to evaporation of solvent and an enthadgxation with a high value around 16
J g%, respectively. The glass transition of AR valsaarm was found to be around
76 °C (fictive temperature) whereas for AM form & °C. TMDSC allowed for
separation of the total heat-flow rate into revegsand non-reversing parts showing
overlapped thermodynamic and Kkinetic processes. Timn-reversing curve
corresponded to the enthalpy relaxation and thersawy curve clearly showed the
glass transition in the AR form confirming its ampbous nature. XRPD confirmed that
both forms exist in the amorphous state. Subtlemdihces between two forms could be
observed by FT-IR whereas 1D and 2D SSNMR cleadimjuished both forms at the

molecular level. It was possible to distinguishfetiént structures in two amorphous
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forms by*C and'®N SSNMR i.e.: form AR exists nearly as a pure, oométional
isomer and form AM as a mixture of isomers duehi hindered rotation of C(O)-N

peptide bond.

Nitrogen-15 NMR experiments unambiguously confirnbdt both valsartan
forms exist as an 1,2,3,4-tetrazole tautomeric forditra-fastH MAS NMR revealed
differences in the hydrogen bonding in both forifise subtle differences between both
forms and in annealed AM form in molecular mobiliyere also found by NMR
relaxation times. Moreover, the increase in the emalr mobility above the glass
transition temperature for both forms was foundb® mainly due to changes of
mobility in the aromatic rings. Furthermore, botlihs showed significantly different
dissolution behaviour and surprisingly, more ordeferm (AR form) material had

greater dissolution rate than the fully disordereterial (AM form).

Also the crystalline and amorphous forms of bistgrand its compatibility
with two amorphous forms of valsartan were analygedorphous bisoprolol has low
stability and re-crystallizes above the glass itams(Ty = —3.6 °C). Thermal behaviour
of crystalline and quench-cooled drug is presenidR experiments allowed the
investigation of the conformational and dynamic pemties of the pure bisoprolol
fumarate. The physical mixtures of bisoprolol andlsartan with different
concentrations were prepared and changes in thérehalviour due to interaction were
observed by DSC and TMDSC. The interactions betwdese drugs were further
confirmed by XRPD, and the molecular-level naturenteractions was investigated by
solution- and solid-state NMR. Strong interactiéesding to incompatibility between
bisoprolol and valsartan in the solid state werseobed above 60 °C. XRPD and
SSNMR indicate that the new material is in an arhoys state, and provided insight
into the molecular nature of the incompatibility. the solid state bisoprolol fumarate
and valsartan react forming a new amorphous prodiloerefore, formulation of a

fixed-dose combination would require separate wesey for bisoprolol fumarate and
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valsartan to prevent interactions between the compis. Similar problems might be

expected with excipients or APIs containing carbaxgroups.

This contribution clearly demonstrates the impareamf characterisation of
amorphous pharmaceutical materials as there mgkblnme differences in order and/or
conformations in that types of materials which mighave an influence on
physicochemical properties and thus potentiallytlee pharmacological action of the
final dosage form. It was proved that calorimetmethods and SSNMR spectroscopy
offer powerful tools for identification and charegsation of differently disordered
amorphous forms of small APIs as well as for idesgttion and characterisation of

incompatibilities between API-API or API-excipient.
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STRESZCZENIE

Charakterystyka walsartanu oraz badanie jego zgodr&ei fizykochemicznej
z bisoprololem z wykorzystaniem r@nicowej kalorymetrii skaningowej

I magnetycznego rezonanswprowego w fazie statej

Nadcknienie ttnicze naley obecnie do najestszych, przewlektych chordb ukitadu
krazenia zarowno w Polsce jak i Qeviecie. Przewlekly charakter choroby sprawie,
pacjent zmuszony jest do przyjmowania lekow dodeozycia oraz znacgcej
modyfikacji styluzycia. Niespetnienie tych warunkéw prowadzi do rogwgraznych
dla zycia powiktar sercowo-naczyniowych. Nalg one do jednych z najegtszych
przyczyn umieralngci w krajach zarowno rozwigiych jak i rozwijagcych se.
Pomimo statego pogtu, jaki dokonuje si w farmakoterapii nadémnienia ttniczego,
dane epidemiologiczne dotyge tej chorobyswciaz niezadowalajce.

Selektywne blokery receptoréw angiotensyny Il typ(AT;), zwane sartanami,
to nowoczesna grupa lekéw stosowana w leczeniu ifradoia ttniczego.
Wykorzystywane gone zardOwno w monoterapii jak i w leczeniu skajarggm z innymi
lekami hipotensyjnymi. Do niestpliwych korzyéci wynikajacych ze stosowania
sartanow naley zaliczy¢: diugotrwaly efekt hipotensyjny, tagodny patek dziatania,
brak odruchowej tachykardii, dawkowanie raz na ¢datzy mniejsz czestasé
wystepowania nowych przypadkdéw cukrzycy typu 2 w trakeiezenia. Ze wzgtu na
korzystny profil farmakologiczny oraz wywotywanigewielu dziat& niepazadanych
(poréwnywalnych z placebo), w niedalekiej przyselaa grupa lekbw ma szanse na
znacace zwkekszenie swojego udzialu w terapii choréb sercowcezpaiowych.
Ponadto wyniki wieloérodkowych badain klinicznych z udzialem sartanéw, mpw
istotny sposéb wphat na zmodyfikowanie obowtujacych standardéw leczenia
i poprawt rokowanie w grupie pacjentow z wysokim ryzykiemcesvo-naczyniowym.
Jednym z przedstawicieli omawianej grupy lekow jesalsartan. Aktywn&t
farmakologiczg wykazuje jego enancjome® sid tez dostpne na rynku preparaty
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zawieraj wylacznie ten enancjomer. Walsartan jest stosowany stapbd wolnego

kwasu, ktérego dogbnas¢ biologiczna po podaniu doustnym nie przekracza.25%

Bisoprolol to lek z grupyp-adrenolitykow o najwikszej wybiorczéci
w stosunku  do  receptorow B;, pozbawiony  wewgtrznej  aktywndgci
sympatykomimetycznej i wiaiwosci stabilizupcych btorg komoérkows. Aktywnosé
farmakologiczg wykazuje enancjomef, dostpne preparaty zawietgjmieszanig
racemiczg. Bisoprolol jest stosowany w postaci soli kwasmémowego. Po podaniu
doustnym dospnai¢ biologiczna bisoprololu wynosi okoto 90%. Jest sinsowany
w leczeniu choroby niedokrwiennej serca, na&meniu ttniczym czy zaburzeniach
rytmu serca. Bisoprolol, podobnie jak walsartast jea ogét dobrze tolerowany przez

pacjentow, a dziatania niepglane § zwykle osrednim stopniu nasilenia.

Najbardziej powszechn zarazem najwygodniejsalla pacjenta dregpodania
leku jest droga doustna. Obecnie nejciej stosowan postaci leku g tabletki, czyli
post&g leku w stanie statym. Dzieje ¢sitak ze wzgidoéw terapeutycznych,
technologicznych i ekonomicznych. Aktywne substanfgrmaceutyczne (andctive
Pharmaceutical Ingredient®\PIs) w stanie stalym magwysktpowa w postaci
krystalicznej lub bezpostaciowej — amorficznej. uBtura wewwtrzna substancji
amorficznej, w przeciwigstwie do krystalicznej, nie jest upgdkowana, ale nie jest
tez zupetnie przypadkowa. Me posiada uporzdkowanie bliskiego zagyu (ang.
short-range ordey, ale brak jest upogekowania dalekiego zagju (ang.long-range
order). Z termodynamicznego punktu widzenia substanomréiczne maj wyzsz
entalpg, entropé¢ i energé swobodg od odpowiadajcych im krysztatdbw. Walsartan
jest obecny na rynku farmaceutycznym w postacietell lub kapsutek, w ktérych
wystepuje on w postaci niekrystalicznej. Wprawdzie aryorw niektorych
doniesieniach naukowych Klasyfilkujpost& walsartanu jako krystalican jednak
prezentowane przez nich wyniki analizy XRPD (aXgray powder diffractometjy

wskazuj na amorficzné¢ tego materiatu.
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Jak wczéniej wspomniano, forma amorficzna charakteryzujeg si
nieuporadkowary struktug wewretrzng. Odmienna struktura ciat statych jest
przyczyry znacznych rznic we wigciwosciach fizykochemicznych substancji
leczniczych, gtownie temperatury topnieniaesigsci, twarddci i Sszybkaci
rozpuszczalnei, co ma bezpwedni wplyw na ich klasyfika¢j biofarmaceutyczn
(ang.Biopharmaceutics Classification SysteBCS). Szybkéc rozpuszczania, wywiera
bezpdredni wptyw na biodogpnas¢ substancji aktywnej, a tym samym decydajjej
skutecznéci terapeutycznej. W zwikku z tym badanie uwalniania jest prtg jako
jedna z metod oceny jagm preparatéw na etapie rozwoju nowej formulacjpaich
rejestracji staje sitestem rutynowym, magym udowodni powtarzalné¢ procesu
produkcyjnego dla kalej serii preparatu. Sty ono réwnig¢ ocenie wplywu
zamierzonych zmian sktadu formulacji, parametrévwocpsu produkcyjnego oraz
warunkow przechowywania na w&wosci finalnego produktu. Badanie to de
wykaza& roznorodne zmiany wkgiwosci leku, nawet te trudne do wykrycia innymi
metodami. Wspomniany walsartan charakteryzugestdsunkowo nisk dostpnascia
biologiczry i jest zaliczany do Il klasy systemu BCS (stabpprsszczalny ale dobrze
przenikalny przez blony biologiczne). Forma amarfi@ w poréwnaniu do postaci
krystaliczne] tej samej substancji, cechujeg flazwyczaj] wgksz szybkdcia
rozpuszczania. Wksza szybk& rozpuszczania substancji leczniczej w formie
amorficznej warunkuje skuteczitoterapeutyczsp przy niszej dawce 1 w postaci
krystalicznej, zmniejsza¢ tym samym ryzyko wyspienia dziata niepaadanych.
Stad ostatnio wrdéd naukowcdéw i producentdw lekdébw obserwujee siluze
zainteresowanie postacamorficzry. Substancje amorficzne mma otrzyma réznymi
metodami, np. przez szybkie schtodzenie stopiondjstancji, kondensagjpary,
stragcanie z roztworéw, mielenie substancji krystaligzeey liofilizacje. Jednake
zastosowanie substancji amorficznychgaei se z problemami wynikacymi z ich

niskiej stabilndci fizykochemicznej.
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Zjawisko polimorfizmu jest powszechnie znane i eker dyskutowane
w odniesieniu do krystalicznych odmian substan@rnfaceutycznych. Natomiast,
zjawisko wielopostaciowgi substancji amorficznej zwane poliamorfizmem, tatws
zaobserwowane i opisane jedynie dla substancjirgégncznych. Na dziedzisiejszy
brak jest dogpnych danych na temat zaobserwowania tego zjawiskdniesieniu do
organicznych substancji farmaceutycznychadStez zagcie st tym zagadnieniem
wydaje s¢ by¢ niezwykle istotne z punktu widzenia nauk farmagezych,
szczegoOlnieze ewentualne tice w strukturze amorficznych ciat statych magiec
wplyw na widciwosci fizykochemiczne substancji aktywnej. W trakcieogesow
technologicznych, w wyniku zmiany temperaturysnenia, czy wilgotnéci maoze
dojs¢ do przejcia fazowego jednej formy ciata statego w gnformg. Posté
amorficzna jest mniej stabilna termodynamicznigd diedzie bardziej nat@na na
transformagj podczas niektérych jednostkowych procesow teclyictoych.
Wigksza¢ substancji amorficznych  wykazuje tendencje do talimacii.
Nieoczekiwane powstawanie lub znikanie dloeej formy stanu statlego danej
substancji leczniczej w trakcie jej przetwarzani@zen prowadzi do powanych
konsekwencji farmaceutycznych iterapeutycznych.ad Sttez analiza odmian
polimorficznych i amorficznych substancji farmagganych oraz prze§ fazowych w
stanie statym ma kluczowe znaczenie zar6wno naeefapc badawczo-rozwojowych

nad novg formulacp, jak i podczas procesu produkciji.

Pomimo szerokiej gamy technik badawczych wykoraystyych w analizie
ciata statego takich jak np. mdicowa kalorymetria skaningowa (andifferential
scanning calorimetry DSC), spektroskopia w podczerwieni (amgurier transform
infra-red spectroscopyFT-IR), magnetyczny rezonangdiowy w fazie statej (ang.
solid-state nuclear magnetic resonenc&SNMR) czy proszkowa dyfrakcja
rentgenowska (XRPD), charakterystyka ciat amorfycdn wchz pozostaje diym

wyzwaniem. Oprécz struktury ciata statego, na seimosci fizykochemiczne ciat
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amorficznych, mge mie wptyw dynamika molekularna, dlatego jej badanielaje s¢

by¢ istotnym elementem charakterystyki ciat amorficzamy

Zarébwno walsartan jak i bisoproloh sstosowane gkznie w terapii chorob
sercowo-naczyniowych. Obecnie na rynku farmaceutyce nie istnieje preparat
ztozony zawierajcy obie te substancje aktywne. Warto zaiywaze w fazie procedury
rejestracyjnej do FDA (andJS Food and Drug Administratipnest preparat zimny
zawierajcy walsartan i inny beta-bloker — nebiwolol. Wwask, ze stosowanie
preparatow zlgonych umaliwia redukcg dawki, prowadzi do zwkszonej
skutecznéci leczenia czy te do lepszego przestrzegania zafedekarskich przez
pacjenta odnmie regularnego przyjmowania leku. Terapia preanatztazonymi
przyczynia s do 80% obrienia powikla sercowo-naczyniowych. §&t tez przemyst
farmaceutyczny jest wysoce zainteresowany wytwaerertzw. polypill, tj. preparatu
zawierajcego inhibitor ACE (ang.angiotensin-converting enzyjmebeta-bloker,
aspiryre istatyre. Najprostszym sposobem otrzymania preparatwonego jest
zmieszanie substancji aktywnych z substancjami pomaymi i kompresja
otrzymanej masy tabletkowej. btlzy substancjami leczniczymi i pomocniczymi
wchodzcymi w sklad lekow mge dochodzi do r&nego rodzaju oddziatywia
Zachodace interakcje mag mie¢ wptyw pozytywny (np. prowadzido zwkgkszenia
stopnia rozpuszczalda i okresu trwaléci substancji leczniczej) lub negatywny,
prowadac do nieprzewidzianych i niepgdanych zjawisk. W procesie tworzenia
mieszanin substancji farmaceutycznych zemodog¢ do interakcji pomidzy jej
sktadnikami i w efekcie do niezgodswd farmaceutycznej, ktére megvplywat na
wiasciwosci fizykochemiczne API. To z kolei mie spowodowa zmiany dosfpnaici
biologicznej i wartéci terapeutycznej preparatu leczniczego. Niezgédnw fazie
farmaceutycznej mag mie¢ charakter zjawisk chemicznych lub/i fizycznych.
Niezgodndci chemiczne gzazwyczaj wynikiem m.in. reakcji zoltpiania, hydrolizy,
utleniania i redukcji, kompleksowania czy izomermjza Natomiast niezgodroi

fizyczne wysgpuja w efekcie m.in. takich procesow jak absorpcja,eagy adsorpcja,
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emulgowanie, rozdzielanie, rozpuszczanie, solumja, solwatacja czy wilgotnienie.
Przyktadowo Bristol-Myers Squibb w latach 2010-1¢cefat ponad 60 milionéw
tabletek preparatu ztonego (Avalid®) zawierajcego bloker receptoréow AT—
irbesartan i lek diuretyczny — hydrochlorotiazydpewodu pojawienia si formy
irbesartanu o mniej gadanym profilu uwalniania. Trzeba zauiyd, ze sytuacja taka
nie miata miejsca w przypadku preparatu zawieego sam irbesartan. Badanie
zgodndci pomidzy substancjami leczniczymi i pomocniczymi jestdza wanym
elementem etapu projektowania postaci leku, dlatpgeeprowadza sije juz na
wczesnym etapie prac badawczo-rozwojowych. Megetetbsowan do wykrywania
interakcji medzy substancjami aktywnymi a substanaktywry czy pomocnicz jest
czesto DSC. Jest to szybka metoda wymacmjniewielkiej ilégci substancji badanej,
co jest niezwykle istotne szczegodlnie na ptikaz prac nad nowym lekiem, gdzie §to
substancji jest zazwyczaj ograniczona. Interpratagjniku polega na zaobserwowaniu
réznic w termogramach substancji aktywnej imieszanisybstancji aktywnej
Z substangj badan polegagcych na przesueciu, zaniknéciu lub pojawieniu si piku
endo- lub egzotermicznego. Jednak nie wszystki@mymv termogramie nmma uzna
za interakegj. Std tez jednoznaczna interpretacja wynikow nie zawsze rjastliwa i
dlatego w przypadku atpliwosci nalezy przeprowadzi badania dodatkowe z
wykorzystaniem takich technik jak m.in. wysokospnawchromatografia cieczowa,
FT-IR czy XRPD. Magnetyczny rezonangljowy w fazie stalej nie jest rutynowo
stosowany do wykrywania interakcji, jednak doniegena temat interakcji API z

substancjami pomocniczymi slostpne w psmiennictwie.

Celem prowadzonych baflabyta charakterystyka fizykochemiczna dwoch
amorficznych postaci walsartanu oraz krystaliczngmorficznej postaci fumaranu
bisoprololu a take badanie zgoddoi farmaceutycznej obu substancji. Gtéwnymi
zastosowanymi metodami badawczymi bytazniGowa kalorymetria skaningowa
i roznicowa  kalorymetria  skaningowa z  modulacj temperatury  (ang.

temperature-modulated DS@MDSC) oraz magnetyczny rezonansgrpwy w fazie

150



EXTENDED ABSTRACT IN POLISH

statej. Dodatkowo wykorzystano aparat do badaniafotomii i wielkosci czystek,
termomikroskopi, analiz termograwimetryczn (ang. thermogravimetric analysjs
TGA) spektroskom w podczerwieni, magnetyczny rezonangrpwy w roztworze
(NMR), proszkovg dyfrakcg rentgenowsk oraz badania specyficznej i pozornej
szybkdci rozpuszczania (an@trinsic dissolution ratelDR; apparent dissolution rate,
ADR). Scharakteryzowano dwie formy amorficzne wdkbsau, tj.: probk handlova
(forma AR) oraz probkotrzyman przez ogrzanie formy AR do temperatury 140 °C
i nastpnie jej szybkie schiodzenie do temperatury pokejofforma AM). Badania
wykazaly, ze walsartan w stanie statym wystije w dwoch rénych postaciach
amorficznych. Forma handlowa walsartanu (AR), cmasétednie opisywana w
doniesieniach naukowych jako krystaliczna, chargkige s¢ wickszym
uporzdkowaniem cgsteczek ni forma amorficzna otrzymana poprzez ogrzanie
materiatu wyjciowego (AM). Obie formy odznaczgsgi¢c stabilngcig fizykochemiczi

w analizowanych zakresach temperatury i nie uteggjstalizacji podczas ogrzewania
lub chtodzenia. Analiza termograwimetryczna ukazaty gtowne etapy straty masy
podczas ogrzewania probki. W pierwszym etapie wema& temperatury 60-90 °C
strata masy jest zwzana z odparowaniem, rozpuszczalnika zawartego teriake.
Natomiast w drugim i trzecim etapie ngsije rozktad czsteczki walsartanu. Krzywa
DSC formy AR ujawnita dwa endotermiczne sygnalyemiszy zwjzany z
odparowaniem rozpuszczalnika okoto temperatury@0 drugi zwgzany z przejciem
szklistym z dua wartdicia entalpii relaksacji (16 J9 okoto 100 °C. Temperatgir
przegcia szklistego formy AR ok&ono przez temperater fikcyjng (tzw.
Richardsona), ktéra wynosi okoto 76 °C. Dla formyAzaobserwowano typowe
przegcie szkliste w temperaturze okoto 74 °C. ZastosogvahMDSC pozwolito
rozdziel¢ procesy kinetyczne (entalpia relaksacji) od terymagnicznych (przégie
szkliste) i jednoznacznie potwierdamorficznd¢ materiatu wy§ciowego, Rycina S 1.

Badania rentgenograficzne potwierdzity amorficzstruktug obu form walsartanu
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takze wskazujc na wekszy stopié uporazdkowania czsteczek w formie AR, Rycina
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temperatury dla walsartanu (forma AR). Krzywe zae@vane z szybkgia ogrzewania 1 °C min.
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Rycina S 2.XRPD formy AR (niebieska krzywa) i AM (czerwona ¥wa) potwierdzajce amorficzg struktue obu

form.

Zastosowanie metody spektroskopii w podczerwierawmdito zaobserwowa
subtelne rénice na poziomie molekularnym gdizy dwoma formami walsartanu, tj.
zauwaono niewielkie przesuetie pasma odpowiadgiego grupie karbonylowej

(C(5)0) wigzania amidowego w kierunku vgzej wartéci diugcci fali w przypadku
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formy AM. Przesunjcie to mae by spowodowane rozerwaniemaaan wodorowych

w tej formie. Natomiast jedno- i dwuwymiarowe ekgpeenty SSNMR jednoznacznie
potwierdzity te rénice. Poréwnujc widma'*C SSNMR mana zauway¢ poszerzenie
sygnatow dla formy AM w stosunku do materialu $oypwego, co wskazuje na
amorfizacg materiatu, Rycina S 3. Wa#a przesung¢ chemicznych dla wkszaé¢
sygnatéw pozostgjniezmienione. Istotne zdice mana zauway¢ dla wegli C-6 i C-
11 czyli atomow bezpmednio pojczonych z azotem (N-1) grupy amidowej. W formie
AM sygnat pochodgzry od wegla C-11 ulega znacznemu poszerzeniu i przesini
(Aoc = —2,1 ppm). Natomiast sygnat pochgoy od wegla C-6 (65,8 ppm, forma AR)
ulega rozszczepieniu na dwa sygnaly (62,3 i 67@)p@\naliza widm wglowych i
azotowych pozwala przypuszcézae forma AM wysgpuje jako mieszanina izomeréw
cistrans, natomiast forma AR jako, w wkszaci, jeden izomer z niewielkim
zanieczyszczeniem drugim izomerem. 1zomeria najgogpedobniej wynika z vgzania
peptydowego (C(O)-N). To zjawisko wygptijace w stanie statym jest podobne do

zaobserwowanego w podczas analizy NMR roztworuartau.
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Rycina S 3. Widma *C CP MAS SSNMR (A) formy AR i (B) AM walsartanu. Widmzarejestrowane

z MAS = 10 kHz. Wstawki pokazayegion widma od 40 do 70 ppm zarejestrowany z MAGBkHz.

Dane uzyskane z pomiaréw zmienno-temperaturowychSSNMR sugeru;
ze do zmiany konformacji w formie AR dochodzi podtzprzejcia szklistego.
Natomiast dla formy AM nie zauwano znaczcych zmian konformacyjnych pormj

i powyzej temperatury przé&gia szklistego.

Jako,ze walsartan, ze wzglu na wystpowanie w jego strukturze pigienia
tetrazolowego, w stanie stalym neo teoretycznie istnée w postaci dwédch
tautomerow, dokonano analizy za pomoc™N SS NMR. Zjawisko takie
zaobserwowano dla podobnego API —irbesartanu. Withd SS NMR formy AR
ukazaly pe¢ gtownych sygnatdbw rezonansowych oraz sygnaly pdedoe
prawdopodobnie od zanieczyszczenia drugim izomer&n.formie AM piki te
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wyraznie zwikszyty swojy intensywné¢ co sugeruje izomeryzagjpodobnie jak w
przypadku pomiaréw za pomoc¢*C SSNMR. Azot zwjzany z protonem (N-5) w
formie AR zostat zidentyfikowany przy pomocy ekspeentu®N IR (ang.inversion-
recovery CP MAS NMR (-149,4 ppm). Eksperymenty te potwadgydwystepowanie

obu form walsartanu w postaci 1,2,3,4-tetrazolowegomeru.

W celu analizy wizai wodorowych w obu formach zastosowano techiritt
MAS NMR. Wyniki analizy wskazuaj wyraznie na ragnice w wizaniach wodorowych
micdzy dwoma formami. Zostalo zaobserwowaneeé piréznych sygnatow
rezonansowych, tj. protony alkilowe,9 ppm), protony alkilowe ggla C-6 i C-11
zZwigzane z atomem azotu N-%5,6 ppm), protony aromatyczne7(1 ppm), proton
grupy karboksylowej §14,2 ppm) i proton piécienia tetrazolowego~(6,4 ppm).
Sygnaty pochodge od protonéw C-6 iC-11 w formie AM wykazumniejsz
intensywnad¢ co mae sugerowaamorfizacg i zmiany konformacyjne zaobserwowane
za pomog °C i >N SSNMR. Ponadto widma formy catkowicie amorficzo&azuj
znacacag zmiare przesunjcia chemicznego dla protonu pieienia tetrazolowego
(N(5)H, Aoy =11 ppm) sugergf jego zaangawanie w tworzeniu wizania
wodorowego. Sygnat pochagtzy od protonu grupy karboksylowej (C(10)OOH) ulega
poszerzeniu i zmieniagwartaé jego przesurcia chemicznego, jednad z powodu
niskiej rozdzielczéci nie bylo maliwe oszacowanie jego walt tego przesugcia.
Powyzsze wyniki sugeraj ze wigzania wodorowe w formie amorficznej AR myplgy¢

podobne do tych wygbujacych w postaci krystalicznej walsartanu.

Dzi¢ki zastosowaniu pomiaréw czasow relaksacji NMR agstaobserwowane
niewielkie r@&nice w dynamice molekularnej badanych form oraezstaej formy AM.
Ponadto, wykazanage r&nice w mobilnéci molekularnej podczas przeja szklistego

wynikaja prawdopodobnie gtéwnie ze zmiany mob#aiopierscieni aromatycznych.

Rd&znice w budowie na poziomie mikroskopowym dwéch fquraektadaj sie

na ré&nice profilach rozpuszczania badanych materiatowyk&¥ano, ze bardziej
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uporadkowany materiat odznacza ¢siprawie dwukrotnie wgksz specyficzi
szybkdcia rozpuszczania aimateriat catkowicie amorficzny (dla formy AR IDR =
24,6 +0,1pg min* cm?, a dla formy AM IDR = 11,0 #0,fig min* cn?), Rycina S
4A. Istotne ranice zaobserwowano rowiiev pozornej szybkiei rozpuszczania obu

materiatow, Rycina S 4B.
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Rycina S 4. (A) Specyficzna szybkg rozpuszczania i (B) pozorna szykkorozpuszczania form AR i AM

walsartanu w kD.

Ponadto w pracy przedstawiono charakterystykormy krystalicznej
i amorficznej fumaranu bisoprololu oraz zbadanoojezgodné¢ farmaceutyczp
z walsartanem. Na podstawie analizy DSC stwierdzaeokrystaliczny bisoprolol
ulega topnieniu w temperaturze okoto 102 °C. Wdiakdrugiego podgrzewania
zaobserwowano trzy procesy: pioeg szkliste Ty =-3,6 °C), zimn krystalizacg
(24,2 °C) oraz topnienie w temperaturze okoto 9508nizenie temperatury topnienia
bisoprololu podczas drugiego ogrzewania zenowvynika& z r&nic w morfologii
materiatu po rekrystalizacji. Badanie wykazato tabgnas¢ amorficznego bisoprololu,
ktory ulega rekrystalizacji powsj temperatury przégia szklistego. Analiza NMR
pozwolita na zbadanie zmian konformacyjnych i dyikarmolekularnej bisoprololu.
Mieszaniny fizyczne bisoprololu z walsartanem wenych stosunkach wagowych
sktadnikéw zostaly zanalizowane za pomatetod termicznych. Wyniki analizy TGA

nie ujawnity interakcji pongidzy sktadnikami mieszaniny. Natomiast zastosowanie
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standardowej DSC pozwolito na stwierdzenie intejiagtzejawiapcej st zanikiem
piku endotermicznego zeZanego z procesem topnienia bisoprololu i pojaveiense
szerokiego piku w zakresie okoto 60-100 °C, Ryci8a5. Analiza TMDSC
potwierdzita interake miedzy bisoprololem i walsartanem w temperaturze pajvy
60 °C. TMDSC umdliwita rozdzielenie zjawisk kinetycznych i termodymicznych
ukazupc proces przégia szklistego mieszaniny bisoprololu i walsartamudznych
stosunkach wagowych sktadnikow. Wekszasci przypadkowTy znacznie rénity sig

od temperatury prz&gia szklistego czystych substanciji.

BISO exo up
-2
BISO/VAL (form AR)
-4
BISO/VAL (form AM)
3
o © Enthalpy
% VAL (form AR) /relaxanon
= -8
8
T VAL (form AM) glass transition
-10 - o
eS|
=.10.2 o
12| f03 % S e
o —
T-104
70 80 90
-14 TI°C
T T T T T
20 40 60 80 100 120 140

Temperature / °C

Rycina S 5.Krzywe DSC dla bisoprololu i dwéch form walsartaotaz ich mieszanin z bisoprololem. Krzywe

zarejestrowane z szybia ogrzewania 10 °C mih

Z kolei analiza dyfraktometryczna (XRPD) mieszaniryisoprololu z
walsartanem ujawnitaze w wyniku interakcji dochodzi do amorfizacji bisolu.
NMR w fazie statej i w roztworze dostarczytly infaam)i o0 naturze interakcji. Widmo
1%C SSNMR ukazato znaczne poszerzenie pikéw pocioydh od bisoprololu w
mieszaninie z walsartanem potwierdzajniezgodné¢ prowadaca do amorfizacji

materiatu, Rycina S 6.
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Rycina S 6.Widma'*C CP MAS NMR (A) bisoprololu, (B) 50/50 mieszaninystprololu i walsartanu (C) 50/50
mieszaniny bisoprololu i walsartanu ogrzanej do peratury interakcji (80 °C) i ochtodzonej do

temperatury pokojowej i (D) formy AR walsartanu.

Eksperymenty DOSY (angdiffusion ordered spectroscopysugeryy, ze
interakcja wynika z wspotzawodnictwa walsartanegzg kwasu fumarowego o grap
aminowy bisoprololu. Mimo, ze nie mana jednoznacznie odndsizjawisk
zachodzcych w roztworze do zjawisk zachadych w ciele statym, wyniki analizy
DOSY g zgodne z zaobserwowaramorfizacy krysztatu bisoprololu wykrytych za
pomog innych technik. Wyniki badania zgodiwo w fazie farmaceutycznej wskazyj
ze przy projektowaniu procesu technologicznego wytramia tabletek zawiergjych
bisoprolol i walsartan natatloby uwzgtdnic brak maliwosci zastosowania
bezpdredniego mieszania obu substancji leczniczych stamlojami pomocniczymi z
nastpujaca kompresy masy tabletkowej. W technologii Zionego produktu niezidne

byloby fizyczne oddzielenie od siebie obu subsfaakjywnych. Ponadto podobnej
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interakcji z fumaranem bisoprololu mwa spodziewa sic w przypadku substancji

aktywnych czy pomocniczych zawiegaych grug karboksylovy.

W wyniku przeprowadzonych batlsstwierdzono,ze walsartan wyspuje w
postaci dwoch rinych form amorficznych istotnie #digcych sg profilami
rozpuszczalnii. R&nice te mog znacaco wpltywa na skuteczri terapeutyczp
finalnego preparatu leczniczegoa®btez wyniki bada& zawarte w pracy jednoznacznie
wskazug na wanos¢ charakterystyki substancji amorficznych, jake r&nice w
strukturze materiatdw amorficznych mpgptywac na wiaciwosci fizykochemiczne
API. Potwierdzono,ze metody kalorymetryczneg suzytecznymi nargdziami do
identyfikacji i charakterystyki materiatbw amorfigzech oraz do badania niezgodoo
farmaceutycznych radzy substancjami aktywnymi czyztesubstancjami aktywnymi
i pomocniczymi. SzczegoOlniezytecznym nargdziem do charakterystyki substancii
amorficznych okazata giby¢ temperaturow-modulowana DSC, ktéra pozwala na
rozdzielenie pikéw pochodeych od ranych proceséw naktadgjych sg, tj. przegcia
szklistego i relaksacji materialu amorficznego. \&¥&no rownig uzyteczngé
SSNMR do charakterystyki amorficznych ciat stalych poziomie molekularnym.
Metoda ta pozwala na wykrycie subtelnychinié pomedzy formami amorficznymi.
SSNMR jest rowniz uzyteczry metod w badaniu niezgoddoi w fazie
farmaceutycznej poreizy sktadnikami preparatéw farmaceutycznych.
Przeprowadzone badania wskazupwniez na konieczn& stosowania pomiarow
zmienno-temperaturowych zarowno SSNMR jaki XRPD elucwykrycia interakciji
prowadacych do niezgodrimi, jako ze interakcja mge nie zosta wykryta

w temperaturze pokojowej.
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11 APPENDICES

11.1 2D solution-state NMR spectra of valsartan
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Figure A 1. COSY spectrum of valsartan in{EDMSO recorded at room temperature.
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Figure A 2. (A) Low-frequency and (B) high-frequency regiontbf-="*C HSQC spectra of valsartan ingEDMSO

recorded at room temperature.
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11.2 Relaxation times for valsartan forms

Table A I. Carbon-13 spin—lattice relaxation tim&s)(for AR and AM valsartan recorded at variable tenagure

and corresponding errors.

Tl/S
T/°C Sfpn;” 141 | 14.3 19.8 22.6 1299| 131.8| 130
Form AR AM AR AM AR AM AR AR AM
38 1.33 1.59 0.81 0.77 1.08 1.18 40.0 47.85 41.32
+0.10 +0.19 +0.04 +0.04 +0.06 +0.07 +1.60 +1.37 +1.54
50 1.92 1.98 0.94 1.13 1.28 1.69+ 44.05 48.08 43.48
+0.20 +0.19 +0.04 +0.06 +0.06 0.08 +1.94 +1.16 +1.51
60 2.10 1.91 1.08 1.01 1.34 1.48 44.05 48.54 40.16
+0.23 +0.23 +0.05 +0.06 +0.06 +0.08 +1.75 +1.89 +1.45
70 2.17 2.74 1.05 1.29 1.48 1.81 40.00 49.51 35.84
+0.33 +0.25 +0.04 +0.06 +0.07 +0.09 +1.76 +1.72 +1.29
80 2.54 2.59 1.28 1.20 1.76 1.90 32.68 31.35 27.25
+0.17 +0.21 +0.05 +0.06 +0.08 +0.09 +1.49 +1.38 +0.97
% 3.11 3.24 1.30 1.40 1.83 1.90 18.22 18.52 19.65
+0.29 +0.27 +0.07 +0.08 +0.1 +0.1 +1.33 +0.93 +0.66
3.05 3.53 1.33 1.34 1.84 2.13 16.23
+
100 +0.19 +0.32 +0.04 +0.08 +0.13 +0.16 20.45 £2.47 +0.45
3.59 3.97 1.47 1.53 2.45 2.05 16.56
110 +0.10 +0.26 +0.05 +0.06 +0.17 +0.13 21.14 4328 +0.93
20nly one signal was observed at around 131 ppriGamhd 110 °C.
Table A Il. Spin-lattice relaxation times in the rotating fmﬂilpH) measured via CP ontéC for AR and AM
valsartan recorded at variable temperature an@ésponding errors.
Ty, /' ms
T/°C f’f;i' 141 143 19.8 226 27.6| 28.0| 34.1| 33.8| 129.7| 131.8 130.1
Form | AR | AM | AR |AM |AR |AM |AR |AM |AR AM |AR AR AM
38 135|19.0| 16.3| 19.4| 176| 19.7| 19.7| 20.8| 19.8| 19.5| 195 | 20.5 | 21.3
+06 | +1.1 | 0.4 | +0.5| +0.5| +0.6 | +0.4 | +0.8 | +0.9 | +1.3 | #0.2 | +0.3 | 0.4
50 159|189 | 17.5| 19.0| 184 | 19.0| 19.6 | 20.2| 18.2| 20.1| 19.2 | 20.3 | 20.0
+0.8| t1.5| +0.5| +0.6 | +0.5| +0.8 | +0.5 | +0.9 | +0.8 | +1.6 | +0.4 | +0.4 | +0.5
60 17.4| 173| 16.9| 17.2| 179| 176| 186| 18.1| 20.3| 17.9| 18.2 | 19.3 | 18.4
+1.0| +1.0| 0.7 | +0.5| +0.5| +0.6 | +0.4 | 0.6 | +1.1 | #1.2 | #0.5 | 0.4 | +0.3
70 17.1| 15.1| 18.7| 14.2| 20.6 | 145| 21.2| 16.4| 20.2| 16.1| 22.3 | 21.7 | 155
+1.1| £0.7 | 1.0 | +0.7 | #1.0 | +0.4 | +0.6 | +0.7 | £1.3 | +1.6 | #0.6 | 0.5 | 0.4
80 11.5| 11.7| 12.1| 120 13.2| 126 | 146 | 13.6| 16.1| 11.8| 154 15.8 12.7
+1.0| +0.9| 06 | +0.5| +0.5| +0.6 | +0.3 | +0.5| +1.2 | 1.0 | #0.5 | +0.6 | +0.3
% 505( 78 | 56 | 85| 67| 97 | 78 | 91 | 99 | 9.7 8.1 7.8 10.1
+0.4 | t05| +0.3 | 0.4 | +0.4 | +0.5| +0.4 | +0.3 | +1.5| 0.9 | +0.4 | +0.4 | +0.3
100 26 | 66 | 28| 62| 27| 58| 30| 72 | 3.3 | 6.9 4.3 3.5 7.0
+0.2 | +0.5| 0.3 | +0.4 | +0.4 | +0.2 | #0.3 | 0.4 | £0.7 | #1.1 | #0.5 | 0.4 | +0.2
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11.3 2D solution-state NMR spectra of bisoprolol
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Figure A 4. COSY spectrum of bisoprolol in JPDMSO recorded at room temperature.
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[De]-DMSO recorded at room temperature.
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12 OSWIADCZENIA

OSWIADCZENIE
Niniejszym dwiadczam, 1 jestem autorem pracy doktorskiej p.t.:

"Characterisation of valsartan and its compatibility with bisoprolol

studied by differential scanning calorimetry and stid-state nuclear magnetic resonance

"Charakterystyka walsartanu oraz badanie jego zgodngei fizykochemicznej
z bisoprololem z wykorzystaniem ré@nicowej kalorymetrii skaningowej

i magnetycznego rezonanswprowego w fazie statej.

Praca ta zostata przeze mnie napisana samodz{ekuejakiegokolwiek udziatu oséb
trzecich), przy wykorzystaniu wykazanej w pracyefgtury przedmiotu i materiatow
zrédtowych, stanowi ona pramryginalry, nie narusza praw autorskich oraz débr osobistych
0s0b trzecich i jest wolna od jakichkolwiek zapozen.

Oswiadczam réwnig, ze wymieniona praca nie zawiera danych i informakigre
zostaly uzyskane w sposOb niedozwolony prawem oiazbyta dotychczas przedmiotem
zadnej urgdowej procedury zwgzanej z uzyskaniem stopnia naukowego: doktor nauk
farmaceutycznych, a ztona przeze mnie dyskietka/ptyta CD zawiera elektmiy zapis
przedstawionej przeze mnie pracy.

Jednoczénie cwiadczam, ze nieodptatnie udzielam Uniwersytetowi Medycznemu
im. Karola Marcinkowskiego w Poznaniu licencji dorkystania z wyej wymienionej pracy
bez ograniczé czasowych i terytorialnych w zakresie obrotusmkami, na ktérych prac
utrwalono przez: wprowadzanie do obrotwyeeenie lub najem egzemplarzy w postaci
elektronicznej a nadto upowdam Uniwersytet Medyczny im. Karola Marcinkowskieg
w Poznaniu do przechowywania i archiwizowania pragy zakresie wprowadzania jej
do paméci komputera oraz do jej zwielokrotniania i udgstiania w formie elektronicznej oraz

drukowane,;.

Marcin SKOTNICKI

Data, podpis
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Wyrazam zgo@ na udosfpnienie mojej rozprawy doktorskiej w Czytelni Naukej Biblioteki
Gtéwnej Uniwersytetu Medycznego im. K. Marcinkowesfo w Poznaniu oraz w formie

elektronicznej w Wielkopolskiej Bibliotece Cyfrow@yww.wbc.poznan.pl
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