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(Eqn. 8.3)

[S'].................................................................. concentration of monobasic salbutamol species

(Eqn. 8.6)

[SlT]..............................................................  concentration of protonated salbutamol species

(Eqn. 8.5)

°C....................................................................  Celsius degree

|ig ....................................................................  microgram

Hl.....................................................................  microlitre

(xm................................................................... micrometer

( p ....................................................................  equilibrium in the saturation pressure of adsorbate

(Eqn. 1.6.)

2ri...................................................................  diameter of the tablet

A.....................................................................  slope, or surface area

A .....................................................................  angstrom

a......................................................................  axial length

AC.................................................................. acetone

Acap..................................................................  surface area of the cap

Acl................................................................... cylindrical part of the tablet

AD..................................................................  additional, secondary drying

ANH..............................................................  anhydrous

Ap....................................................................  PXRD peak area (Eqn. 5.2)

API.. .(s)........................................................  active pharmaceutical ingredient(s)

A,....................................................................  surface area of the tablet

ATR................................................................ attenuated total reflectance

b ......................................................................  axial length

BA..................................................................  butyl acetate
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br.....................................................................  broad

c......................................................................  axial length, or BET constant (Eqn. 1.7)

Co....................................................................  feed concentration (Eqn. 6.1)

Cb....................................................................  bulk concentration

CCDC............................................................. Cambridge Crystallographic Data Centre

V



Q ......................................................................  crystallinity index

CIF....................................................................  crystallographic information file

CM ....................................................................  closed mode

cm .....................................................................  centimetre

COSY correlation spectroscopy

C P.....................................................................  close packing

Cp......................................................................  heat capacity

C s .....................................................................  solubility

CTZ..................................................................  chlorothiazide

CTZK............................................................... chlorothiazide potassium

CTZNa............................................................  chlorothiazide sodium

equivalent diameter where 10% of the particles
d(10).................................................................

(by volume) of the powder has a smaller diameter 

equivalent diameter where 50% of the particles
d(50).................................................................

(by volume) of the powder has a smaller diameter 

equivalent diameter where 90% of the particles
d(90).................................................................

(by volume) of the powder has a smaller diameter

d[ 1,0]................................................................ number diameter mean

d[2,0]................................................................ number surface mean

number volume mean, number weight mean,
d[3,0]................................................................

volume mean diameter (VMD)

diameter of sphere of equivalent surface area, Sauter
d[3,2]................................................................

mean diameter (SMD)

d[4,3]................................................................ diameter of sphere of equivalent volume

D .......................................................................  diffusion coefficient

d ......................................................................... dublet

do........................................................................ true density

de........................................................................ external distance from atom to Hirshfeld surface

DH....................................................................  dihydrate

D -H ...A ...........................................................  donor-hydrogen... acceptor

dhki.....................................................................  interplanar distance between (hkl) planes

d,.......................................................................  internal distance from atom to Hirshfeld surface

DMSO-Dft........................................................ deuterated dimethyl sulphoxide

dnorm...................................................................  normalised distance from atom to Hirshfeld surface

dDPI.................................................................  dry powder inhaler

DSC..................................................................  dynamic scanning calorimetry

d,........................................................................ density of the tablet

DVS.................................................................. dynamic vapour sorption



dxRD..........................................................................  the crystalHte size

E ...............................................................................  the ratio o f  the solute surface concentration to the

average solute concentration in a droplet (Eqn.5.4)

e'................................................................................ electron

El or El...................................................................  heat o f  adsorption (Eqn. 1.7)

EtOH........................................................................ ethanol

F .................................................................................  compression force

FID-G C...................................................................  flam e ionised detector gas chromatography

FTIR........................................................................  Fourier transform -infrared spectroscopy

FW H M ...................................................................  full width at half-maximum

g .................................................................................  gram

G C -M S...................................................................  gas chromatography mass spectrometry

GIT........................................................................... gastro intestinal tract

G Pa............................................... ..........................  gigaPascal

H ................................................................................ height o f  the tablet

h .................................................................................  hour or thickness o f  diffusion layer or M iller index

h i................................................................................  height o f  the spherical cap o f  the tablet

h2 ................................................................................ band thickness o f  the tablet

HaAsoiution.................................................................  equilibrium solubility o f  the acid (Eqn. 8.1)

H F-D SC ..................................................................  heat flow  DSC

H SQ C..................................................................... heteronuclear s in g le  quantum  co h eren ce

HPLC.......................................................................  high performance liquid chromatography

I..................................................................................  y- intercept

ICP-M S...................................................................  inductively coupled plasma mass spectrometry

IDR........................................................................... intrinsic dissolution rate

ISA ........................................................................... intermolecular self-assem bly

J.................................................................................  Joule

k ................................................................................ constant (Eqn. 1.13) or M iller index

K ................................................................................ Kelvin degree

Ki/3 ............................................................................  H ixson Crowell constant (Eqn. 1.17)

Ka..............................................................................  acid dissociation constant

Kai,H2A......................................................................  first dissociation constant for the acid (Eqn. 8.3)

Kai,s........................................................................... first dissociation constant for the drug (Eqn. 8.5)

Ka2,H2A...................................................................... second dissociation constant for the acid (Eqn. 8.3)

Ka2,s..........................................................................  second dissociation constants for the drug (Eqn. 8.6)

k s ..............................................................................  Boltzmann constant

K F.............................................................................  Karl Fischer titrimetry

kN .............................................................................  kiloNewton



kPa..................................................................... kiloPascal

Ksp.....................................................................  soluble product constant (Eqn. 8.2)

1.......................................................................... litre or Miller index

LD.....................................................................  laser diffraction

logPo.................................................................  octanol/water partition coefficient

LP.....................................................................  loose packing

M ....................................................................... molar concentration

m ........................................................................ mass or multiplet

mo....................................................................... initial mass

mbar milibar

MCS.................................................................  Morphology Classification System

MeOH...............................................................  methanol

mg.....................................................................  milligram

MH...................................................................  monohydrate

min..................................................................... minute

ml....................................................................... millilitre

mm..................................................................... millimetre

mN..................................................................... miliNewton

MP(s)................................................................  microparticle(s)

mp.....................................................................  melting point

MPa..................................................................  megaPascal

MPa*^ .̂..............................................................  Hildebrand solubility parameters

MS..................................................................... mass spectrometry

MT-DSC........................................................... modulated temperature DSC

mW...................................................................  miliWatt

N/A...................................................................  not applicable

n .........................................................................  number, quantity, amount

n i........................................................................ order o f reflection

Na.....................................................................  Avogadro’s number

nL/h..................................................................  norm litres per hour

nm.....................................................................  nanometre

NMR.................................................................  nuclear magnetic resonance

NPM P.. .(s)......................................................  nanoporous microparticles

ODT... .(s).......................................................  orally disintegrating tablet(s)

OM-B...............................................................  open, blowing mode

OM-S................................................................  open, suction mode

P........................................................................  fracture load (shear strength under compressive load),

or gas pressure (Eqn. 1.5.)



p .................................................................................  probability or crystal face

Po............................................................................... atmospheric pressure (Eqn. 1.5.)

PC -D SC ..................................................................  power compensated DSC

PD E .......................................................................... permitted daily exposure

pH .............................................................................  pKa+log[A']/[salt]

pK-a............................................................................  -logioKa

pM DI... ( s ) .............................................................  pressurised metered dose inhaler(s)

PV P ........................................................................... polyvinyl pyrrolidone

PX R D ......................................................................  powder X-ray diffraction

Q ................................................................................ quantity (Eqn. 1.13)

q .................................................................................  crystal face

R ................................................................................ ideal gas constant

r..................................................................................  radius o f  the sphere o f  the cylindrical cap o f  the tablet

or crystal face

ro................................................................................ initial radius (Eqn. 1.16)

r i................................................................................ radius o f  the tablet

............................................................................... linear correlation coefficient

RC.............................................................................  relative crystallinity

R ef............................................................................  reference (sample or material)

RH............................................................................  relative humidity

s .................................................................................  second or singlet

S .................................................................................  sample

So............................................................................... initial solution saturation (Eqn.5.4)

S A .............................................................................  salbutamol (hemi)adipate co-crystal with adipic acid

(2:1:1)

S B .............................................................................  salbutamol (base)

Scocrystai......................................................................  co-crystal solubility (Eqn. 8.7)

SC -X R D .................................................................  single crystal X-ray analysis

S D .............................................................................  spray drying

SEM .......................................................................... scanning electron microscopy

S-H2A ......................................................................  co-crystal/sah in the solid phase (Eqn. 8.1)

S S .............................................................................  salbutamol sulphate

Ssait............................................................................  salt solubility (Eqn. 8.8)

S S D D S ...................................................................  solid state drug delivery system

Ssoiution.......................................................................  equilibrium solubility o f  the drug (Eqn. 8.1)

SSU.M eO H ...........................................................  salbutamol hemisuccinate tertmethanolate

S S U ........................................................................... salbutamol succinate

T ...............................................................................  temperature



t .......................................................................  time or triplet

Tbet.................................................................  specific surface area by BET

Tg...................................................................  glass transition (midpoint temperature)

TGA................................................................ thermogravimetric analysis

Tld..................................................................  specific surface area by laser diffraction

Tt.....................................................................  surface area of the tablet

UV..................................................................  ultraviolet

v/v................................................................... volume/volume

v/w..................................................................  volume/weight

Vcap..................................................................  volume of the cap of the tablet

Vci................................................................... volume of the cylindrical part of the tablet

Vt.................................................................... volume of the tablet

W ....................................................................  water or Watt

XRD..............................................................  X-ray diffraction

XX..................................................................  distance, section

Z .....................................................................  symmetry axis

a ......................................................................  axial angle, or adsorption constant (Eqn. 1.5.)

P......................................................................  difference in the full width at half-maximum

(Eqn. 5.1) or axial angle 

Y......................................................................  axial angle

A.....................................................................  change per unit (time or temperature)

5d.....................................................................  dispersion component

8h.....................................................................  H-bond component

5p.....................................................................  polarity component

8,.....................................................................  total solubility parameter

A5................................................................... NMR peak shift

£t.....................................................................  tablet porosity

0......................................................................  diffraction angle, or fractional, monolayer coverage

of the surface (Eqn. 1.5.)

K......................................................................  solvent evaporation rate

X ......................................................................  wavelength

v(Fl)............................................................... NMR peak position

E......................................................................  a sum

Or.....................................................................  relative standard deviation

Ot.....................................................................  tensile strength

Td....................................................................  characteristic droplet drying time (Eqn.5.4)

Tp.....................................................................  precipitation window (Eqn.5.4)

Tsat...................................................................  characteristic time to saturation (Eqn.5.4)

x



V........................................................................  adsorbed gas volume (Eqn. 1.6.)

Dm......................................................................  monolayer adsorbed gas quantity (Eqn. 1.6)

O ( T b e t ) ............................................................  estimated particle diameter calculated from T b e t

Od..................................................................... diameter of a droplet (Eqn. 6.1)



Summary



Salt or co-crystal formation is one of the methods o f altering the physicochemical 

properties of an active pharmaceutical ingredient (API). The drug characteristic can also be 

changed upon processing. This thesis focused on solid-state characteristics o f pre- and post-spray 

dried APIs, salts and co-crystalline forms. Two model APIs were investigated, chlorothiazide 

(CTZ), as an example o f poorly water soluble acidic API, and salbutamol (SB), as an example 

o f an amphoteric molecule, which is sparingly soluble in water. CTZ and SB were chosen in order 

to investigate how the selection of co-formers alters the physicochemical properties o f the solid 

state form o f the new forms o f the APIs. Sodium and potassium cations, as the co-formers, were 

selected for CTZ, while the properties o f SB were altered with adipate and succinate anions.

The solid state forms were characterised using thermal methods such as differential 

scanning calorimetry (DSC), temperature modulated differential scanning calorimetry (MT-DSC 

StepScan™) and thermogravimetric analysis (TGA). Crystallographic studies comprised powder 

X-ray diffraction (PXRD) and single crystal X-ray diffraction (SC-XRD). Results o f X-ray 

analyses were supported by elemental analysis, nuclear magnetic resonance ('HNMR, '^CNMR) 

and solid state Fourier transform infrared spectroscopy (FTIR). Water vapour sorption analysis was 

performed by dynamic vapour sorption (DVS). Solvent content was analysed by Karl Fischer 

titrimetry and gas chromatography. Sodium and potassium contents were analysed using 

inductively coupled plasma-mass spectrometry (ICP-MS). Micromeritic properties were 

characterised using scanning electron microscopy (SEM), particle size analysis by laser diffraction, 

specific surface area analysis ( T b e t )  by Brunauer, Emmett, Teller (BET) isotherm and true density 

measurements based on helium pycnometry. Solubility studies o f the compounds were carried out 

and intrinsic dissolution rate studies of salbutamol salts and co-crystal performed. Selected new 

API forms were processed by spray drying and tableting. Characterisation of tablets involved 

measurement and calculation o f tablet geometry parameters, hardness testing, calculation o f tensile 

strength (o,), tablet porosity (e,) and dissolution studies. Solid state stability studies of CTZ salts 

post spray drying were carried out.

CTZ can form salts with sodium (CTZNa) and potassium (CTZK) counterions; these salts 

can present different solid state forms. CTZNa can be obtained as a dihydrate (CTZNa DH), 

anhydrous and amorphous form. CTZK can be obtained as a dihydrate, monohydrate, monohydrate 

hemiethanolate, anhydrous and amorphous form. CTZNa DH formed an intramolecular 

self-assembly (ISA) when crystallised from water or water/acetone (1:1 v/v) mixture. CTZ formed 

two different ISAs with potassium cations when crystallised from water and ethanol. Anhydrous 

CTZNa and CTZK had the following melting/decomposition points: -289  °C and -263 °C, 

respectively. The glass transition temperatures of CTZNa and CTZK were determined to be 

192 °C and 160 °C, respectively. The solubilities of CTZNa DH and CTZK DH were determined 

to be ~80 mg/ml.

Spray drying o f CTZ resulted in an amorphous form with Tg at 135 °C. Spray drying was 

an effective method of production of microparticles (MPs) and nanoporous microparticles



(NPMPs) o f amorphous CTZNa and CTZK. The Morphology Classification System o f spray dried 

particles (MCS) developed was a useful tool for characterisation of morphology of spray dried 

powders. NPMPs with specific surface areas o f 70 m^/g and 90 m^/g for CTZNa and CTZK, 

respectively, and morphology types o f  V 1BS (porous conglomerates o f nanoparticles (V), spherical 

(1), crumpled (B) and with solid, non-hollow interior (S)) of MCS were obtained with satisfactory 

yields (~90-95%) by spray drying from 2% w/v feed and composed o f methanol/butyl acetate 

(MeOH/BA) (3:7 v/v) mixture.

NPMPs of CTZNa and CTZK produced by spray drying had better compactibility 

and compressability in comparison to crystalline and non-porous spray dried (MPs) sahs. NPMPs 

compacts maintained large specific surface area, at the same time presenting large tablet porosity 

and satisfactory tensile strength. CTZNa and CTZK NPMPs tablets presented very good 

dissolution performance presenting the shortest times for complete release o f the API dose loaded.

For the first time it was reported that salbutamol can form a co-crystal. The involvement of 

adipic acid molecule in the formation o f a co-crystal o f a salt was reported for the first time. 

The salbutamol succinate tertmethanolate (SSU.MeOH) which was prepared was a rare example 

o f the succinate constituting a solvated sak form. The intrinsic dissolution rate 

o f salbutamol succinate (SSU- desolvated SSU.MeOH) was around 4-fold greater than that 

o f salbutamol adipate (SA), consistent with the ~5-fold difference in aqueous solubility 

o f salbutamol in SA and SSU.

Careful selection o f co-former can allow for considerable alteration o f the physicochemical 

properties o f the API. While co-former selection is still largely an empirical process, the results 

presented in this thesis may ultimately contribute to an improved understanding and ability 

to predict the physicochemical properties o f different API solid state forms.
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Chapter 1 Introduction

Origin and scope of the thesis

The physicochemical properties of an active pharmaceutical ingredient (API) are the key 

parameters defining its utility and processability. These can be modified deliberately 

or unintentionally as an effect of processing.

One o f the most popular approaches to the modification o f API properties is the formation 

o f salts. Recent progress in physicochemical, crystallographic characterisation of organic 

compounds resuked in differentiation of co-crystallised materials (an API and co-former) between 

salts, co-crystals and compounds which may be considered to be a combination of both salt 

and co-crystal. Salts or co-crystals will usually present different physicochemical properties than 

the parent compound. Modifications may alter the aqueous solubility o f the API and thereby its 

crystal structure or solid state form, melting point, solubility in organic solvent, bioavailability etc. 

From a regulatory point of view a new salt o f an API molecule is considered to be a new chemical 

entity. It may benefit from additional or new intellectual property rights for an already existing 

API or its derivative. The choice o f salt or co-crystal co-former remains predominantly empirical. 

The impact o f co-former on the physicochemical properties o f a co-crystallised form is poorly 

understood to date. A change in the solid state form o f an API as an unexpected effect 

of processing or co-processing may result in a significant alteration of processability of the API. 

Changes may affect both: production process and pharmaceutical properties o f final dosage form.

This work originates from the previous studies on thiazide diuretics (Corrigan et al., 1984), 

who reported atypical behaviour o f chlorothiazide (CTZ) upon spray drying, which, in contrast to 

the other processed thiazides, resulted in a crystalline material. This different behaviour o f CTZ 

warranted further investigations on the use o f other process parameters o f spray drying than those 

used by Corrigan et al. and their impact on the solid state forms of CTZ. Also, in the light 

of previous studies on salts o f diclofenac (O’Connor and Corrigan, 2001) and the studies on the 

effect of environmental factors on dehydration o f diclofenac dihydrate and theophylline 

monohydrate (Ledwidge and Corrigan, 1997) it was of interest to investigate the salt forming 

abilities of CTZ and characterise any successfully produced salt forms.

Previous studies o f Healy et al. (2008) on excipient-free nanoporous microparticles 

(NPMPs) of bendroflumethiazide produced by spray drying from solutions, resulted in attempts to 

produce NPMPs o f CTZ and its salt forms, since examples o f crystalline NPMPs are scarce 

(unpublished data) and it was of interest to compare the process requirements for salt and non-salt 

APIs. Aerodynamic properties of NPMPs have already been studied and reported 

(Nolan et al., 2009, Nolan et al., 2011 and Ni Ogain et al., 2011). However, other functional 

properties o f NPMP materials, such as compactibility, remain unknown.

Studies of Corrigan et al. (2004, 2006a and 2006b) on co-processing salbutamol sulphate 

with lactose, polyethylene glycol and chitosan by spray drying led to an idea of producing
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alternative co-crystalline forms o f salbutamol in order to achieve a decreased intrinsic dissolution 

rate of salbutamol, thus avoiding co-processing w ith matrix formers.

It was hypothesised, that the selection of co-formers for each API; chlorothiazide and 

salbutamol, will result in an alteration of physicochemical properties o f the new solid state form 

such as a glass transition (Tg) o f amorphous forms or altered solubility, dissolution rate o f the 

co-crystallised API. It is expected that observed changes may reflect physicochemical differences 

between selected co-formers.

The main objectives o f this thesis were:

1. To investigate the impact o f co-formers on the physicochemical properties o f poorly soluble 

model APIs, chlorothiazide (an acidic molecule with high melting point) and salbutamol 

(an amphoteric molecule). Sodium and potassium, small, inorganic and monovalent cations were 

chosen as co-formers for CTZ, while two organic bivalent dicarboxylic anions, succinate and 

adipate, were selected as the co-formers for salbutamol.

2. To examine the solid-state changes and other physicochemical properties o f CTZ, chlorothiazide 

sodium (CTZNa) and chlorothiazide potassium (CTZK) on spray drying through systematic studies 

involving the impact o f feed composition, configuration of the spray drier and process parameters. 

The ability of these compounds to form NPMPs was also investigated.

3. To study the compaction properties of a range of pre- and post-processed CTZ, CTZNa 

and CTZK materials to elucidate the influence of the solid-state and micromeritic properties on API 

tabletability.
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1.1. Preformulation
The detailed characterisation of the physicochemical properties o f active pharmaceutical 

ingredients (APIs) is essential for the successful formulation o f solid state drug delivery systems 

(SSDDS).

If the specification of the final dosage form is known, based on the detailed 

characterisation o f the API in the preformulation stage o f product development,

the physicochemical properties o f that API may be modified to meet formulation requirements.

The preformulation stage, involving the comprehensive characterisation o f the API, minimises 

unexpected formulation problems in later stages of drug form development as well as the costs 

and time necessary to deliver an optimised dosage form to subsequent stages o f product 

development. As preformulation is one o f the very first steps in product development, it is expected 

that it will deliver the correct physicochemical form o f the API characterised by the desired 

biopharmaceutical and physicochemical properties.

An optimised API molecule should possess the following characteristics: expected 

dissolution rate at a given pH, good aqueous solubility, high melting or decomposition point, low 

hygroscopicity or other desired process requirements, examples o f which are listed in table 1.1. 

In the case o f the development o f an API by spray drying, preformulation will be focused 

on determining, for example, melting and glass transition temperatures (Tg) and organic solvent 

solubility, but in the case where the final dosage form is a tablet, other properties, such 

as compactibility o f the API, will be addressed. The direction and the scope of preformulation

studies can also be determined by the desired delivery route. For example, particle size,

morphology and specific surface area of the material is important for pulmonary delivery.

Preformulation is related to the lead optimisation phase (for example solid-state form 

optimisation), though it can also commence in the lead identification phase (selection of a chemical 

molecule for further product development), assuring identification o f polymorphic 

or pseudopolymorphic forms o f prenominated APIs (Gibson, 2001). Selected physicochemical 

properties o f APIs intended to be formulated as SSDDS are listed in table 1.1.
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Table 1.1. Selected characteristics o f APIs and their preformulation implications

Properties of API Preformulatory implications

Solubility (aqueous) - high, pH independent Potentially high bioavailability

Organic solvents solubility Improved processability

Intrinsic dissolution rate (IDR) Faster or slower dissolution

Crystallinity Better physical stability than that o f amorphous 

forms

Polymorphic forms Risk of solid state transformation

Amorphous form Improved solubility, decreased physical 

stability, modified chemical stability

Solvation Risk o f desolvation upon processing

Melting point (mp)/Tg/decomposition point High MP may imply low solubility, low Tg 

suggests risk o f recrystallisation

Hygroscopicity Impacts on the physicochemical stability and 

processability

Non-flammable, Non-explosive Safety, processability

Organoleptic properties Final dosage form selection

In the modem pharmaceutical industry the tablet form is a first choice SSDDS for systemic 

drug delivery. SSDDS are also accepted for pulmonary delivery o f locally acting APIs.

Some physicochemical properties appear to be time dependant and require study over time, 

for example stability studies. Solid state transformations can occur under environmental conditions 

o f storage, handling or material transportation. Compatibility studies may be desired to assess 

the effect of interactions between the API and one or more formulation excipients. To characterise 

properties o f APIs, several analytical techniques can be applied. Selected techniques are listed 

in table 1.2.
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Table 1.2. Selected analytical methods used in preformulation characterisation.

Analytical method Result

Physical characterisation

Nuclear magnetic resonance ('H , '^C NMR) Molecular structure confirmation

Fourier transform infrared spectroscopy 

(FT-IR), Raman

Molecular structure confirmation

X-ray diffraction, single crystal X-ray analysis Molecular structure determination, polymorphic 

screening, detection of amorphous phase

Differential scanning calorimetry (DSC) 

including temperature modulated DSC

Residual solvent content, solvate formation, Tg, 

MP detection, thermal recrystallisation, 

decomposition

Thermogravimetric analysis combined with 

DSC

Residual solvent content, solvate formation, 

sublimation, evaporation, decomposition

Helium pycnometry True density

Dynamic vapour sorption (DVS) Hygroscopicity, solvate formation, humidity of 

recrystallisation, surface area

Chemical characterisation

Elemental analysis %w/w content o f selected atoms e.g. C, H, N

Spectroscopy Purity

UV Spectrometry Chemical content, purity

Chromatography Chemical content, purity

Karl-Fischer titrimetry Water content

Micromeritic c laracterisation

Scanning electron microscopy (SEM) Morphology, crystal habit

Laser diffraction Particle size analysis by volume, particle size 

distribution

Surface area analysis by BET Specific surface area
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1.2. Characterisation of pharmaceutical solids 

1.2.1 Physicochemical crystallography
X-ray diffraction analysis (XRD) is an analytical method, which allows the crystalline 

or amorphous nature o f a solid material to be determined. The principle o f the analysis is based 

on a Bragg law (Bragg, 1913), which states that X-ray waves scatter on the faces o f crystalline 

materials. As a result, XRD generates a unique crystal peak pattern for each crystalline material 

present in a given crystal form (Hull, 1919). As a consequence, XRD allows (pseudo)polymorphic 

transformations to be monitored.

In preformulation, powder X-ray diffraction can be applied to monitoring o f intentional 

or unexpected solid state transformations o f API upon processing. Modem XRD equipment can be 

used to investigate crystal lattice changes with changing temperature, humidity or pressure factors, 

as well as detecting solvate or hydrate transformations.

Regular and repeating planes o f atoms that form the crystal lattice define 

the three-dimensional structure o f the crystalline materials. When a focused X-ray beam interacts 

with these planes o f atoms, parts of the beam are transmitted, absorbed, refracted, scattered 

or diffracted. X-rays are diffracted by each sample differently, depending on the contents 

o f the crystal lattice and the atomic arrangements.

In powder X-ray diffraction. X-rays are generated within a sealed tube that is under 

vacuum. Applied current heats a filament within the tube. The filament emits the electrons. A high 

voltage (15-60 kV) applied within the tube accelerates the electrons. The beam of electrons hits 

a copper target causing the production o f X-rays. These X-rays are filtered, collimated and directed 

onto the sample. The detector collects the X-ray signals and converts them into a count rate.

All X-ray diffraction techniques are based on Bragg’s law, which describes the diffraction 

o f a monochromatic X-ray beam (fixed wavelength) impinging on a plane of points. Parallel 

incident rays strike the crystal planes at an angle q and diffraction is observed from the crystals 

only when the angle between the X-rays and the planes in the crystal fulfil the Bragg condition 

(Eqn. 1.1)

Eqn. 1.1

where: ni is an order o f reflection, ^ is a wavelength of incident X-ray beam (X= 1.542 A for CuK^ 

radiation), dhki is interplanar distance between (hkl) lattice planes (hkl)n and (hkl)„+i and 0 is 

a diffraction angle. The Bragg equation states that the product of the diffraction order (n) and the 

wavelength (X.) is equal to twice the product o f the distance between the lattice planes (dhki) and the 

sine of the diffraction angle (sin0). The diagram that leads to the Bragg equation is presented 

in Figure 1.1, where the XY distance is equal to nX.
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X

Figure 1.1. Schematic diagram of how the Bragg equation is derived from a crystal structure.
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The description of a single crystal cell requires three crystal faces to be chosen which will 

be named coordinate planes (Fig. 1.2).

Figure 1.2. The three axial basis set planes, with parametral plane with symbols.

Intersections of coordinate planes will define coordinate axes (A, B and C). A fourth 

crystal face, named the unit face or parametral face, is placed at the distance from the coordinate 

centre (O). The intercepts of the unit face with coordinate axes form lengths: a, b and c, named 

axial lengths. All four determined faces are named fundamental faces. The positive axial directions 

(axial angles) are: a (between b and c), p (between a and c) and y (between a and b). The a, b, c and 

a, P, y are called direct crystal elements. The C axis is vertical. The A axis is placed in the sagittal 

plane (back to front direction, sloping towards the observer). The B axis is placed in the back 

to front direction, sloping right. The direction of any crystal face can be described in direct 

(Cartesian) set of three coordinate axes, by three parameters p, q and r. Parameters are the ratios 

of intercepts on the axes, expressed in axial length (Eqn. 1.2):

C

OD OE OF
Eqn. 1.2
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The inverse of these ratios are used as Miller indices (De Jong, 1959) (Eqn. 1.3):

h = — =  ; k  = — = -----; /  = —= -----  Eqn. 1.3.
p  OD q OE r OF

The direction of the face is indicated by the symbol (hkl) where the h:k:l ratio is constant. 

If the face is parallel to an axis, one of the symbol indices is zero. The coordinate plane symbols 

are: (100), (010), (001) and (111) for the unit plane. If the index of the plane symbol is negative, 

then the minus sign is placed above it. The direction of an edge is indicated by the symbol 

comprising the three coordinates (indices) of an arbitrary point on the edge (Fig. 1.3). 

The coordinates are expressed in axial lengths. The symbols of the axes are [100], [010] and [001], 

the unit edge symbol is [111] (De Jong, 1959).

c

[iivw]

[1111

A

Figure 1.3. The direction [111] and [uvw] (arbitrary) in three-axial set (De Jong, 1959).

The result of a powder XRD measurement is a diffractogram. The information contained 

in a powder diffraction pattern can be summarised as: faces present (peak positions), face 

concentration (peak height), amorphous content (background) and crystallite size/strain (peak
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widths). Powder diffraction is mainly used for “finger print identification” of solid materials. 

In powder or polycrystalline diffraction it is important to have a sample with a smooth fiat surface. 

If possible, the sample is normally ground prior to analysis. The ideal sample is homogeneous 

and the crystallites are randomly distributed (random distribution of all possible h, k, 1 planes). 

The sample is pressed into a sample holder so as to present smooth and flat surface. Only 

crystallites having reflecting planes (h, k, 1) parallel to the specimen surface contribute 

to the reflected intensities. If  the sample is truly random, each possible reflection from a given set 

o f h, k, 1 planes have an equal number o f crystallites contributing to it. All possible reflections are 

recorded by exposing the sample to a range o f glancing angles 6 (for example 5°- 40° 20°).

An extreme case o f non-random distribution o f the crystallites is referred to as “preferred 

orientation” . The intensities o f peaks in a randomly oriented diffraction pattern and a preferred 

oriented diffraction pattern can be entirely different. Quantitative analysis depends on intensity 

ratios which are greatly distorted by preferred orientation. Several methods have been developed 

to overcome the problem of preferred orientation. For instance, transmission powder XRD is 

superior to reflective powder XRD as in the former the X-rays penetrate the sample 

and the detected signal is averaged over the various orientations o f crystals (Blake et al., 2009).

In contrast. X-rays striking a single crystal will produce diffraction spots in a sphere, 

referred to as Ewald sphere, around the crystal. Definition o f parameters describing the Ewald 

sphere is presented in (Figure 1.4). Each diffraction spot corresponds to a single (hkl). 

The distribution of diffraction spots is dependent on the crystal structure and the orientation 

o f the crystal in the diffractometer. The relative intensity of spots provides information 

on the placement o f atoms in a single crystal cell. Since the electrons scatter the X-ray beam, 

recorded points are the electrons densities in every point o f the single unit cell of the crystal, 

expressed as the number of electrons per cubic unit in Angstroms [eVA ]̂. As the X-ray beam is 

diffracted from the whole crystal, electron density represents the result averaged over the whole 

crystal not a single unit cell, as the X-ray scan is performed over a finite time the electron density 

image is time-averaged. The image o f electron density o f each atom may be fused due to thermal 

vibration o f an atom. To reduce this effect. X-ray scan is usually performed in vapours o f liquid 

nitrogen (Blake et al., 2009).

The resolution o f an X-ray scan is given by a minimum d value as defined in Bragg’s law, 

which corresponds to the maximum value o f 0. The maximum possible resolution is A/2 when 

sin(0max)=l and for Mo at 0max25° it is 0.84 A and for Cu K<j radiation it is 0.77 A (Blake et al., 

2009).
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Diffracted X-ray 
beam

Transmitted

X-ray beam

1/d .X  Crystal

e Incoming

X-ray beam

chlofothi<izi<i6 by  SEM

Ewald sphere. 

Riidins 1 -1

Figure 1.4. The Ewald sphere: definition of parameters. Adopted from Blake et al., (2009).

The single crystal sample is a perfect (all unit cells aligned in a perfect extended pattern) 

and refractive crystal with a cross section of about 0.3 mm. The single crystal X-ray diffractometer 

and associated computer package is used mainly to elucidate the molecular structure o f novel 

compounds. The final result of the analysis is a crystallographic information file (CIF).

The specification o f the CIF standard was published by Hall et al. (1991). The CIF format 

is used to archive crystallographic data, to transfer data between crystallographic programs 

or between laboratories, to provide supplementary paper data containing crystal structure 

determination, to deposit crystal structure in databases and to create standard printed tables.
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1.2.2. Hirshfeld surface analysis
One of the analytical methods based on the examination o f a single crystal X-ray data file 

is Hirshfeld surface analysis. Surface maps based on this approach are very valuable for analysing 

intermolecular interactions in the different crystal structures (McKinnon et al., 2007). Parameters 

describing the surface are dj and de, where di corresponds to the distance between the surface 

and the atom placed the closest internally to the surface and de corresponds to the distance between 

the surface and the atom placed the closest externally to the surface, dnonn is the sum o f di and de 

where each parameter is normalised to the van der Waals radius o f the involved atom (Hirshfeld, 

1977).

3-D images o f surfaces of molecules are partially coloured and partially gray. The colour 

spectrum ranges from blue to white to red. If the surface is coloured blue, it means, that reciprocal 

interactions between two molecules placed internally and externally to the Hirshfeld surface are 

longer (weaker) in relative scale than van der Waals forces. White planes indicate interactions 

which are equal to van der Waals distance, while red surfaces represent interactions which are 

stronger (shorter) than van der Waals forces.

The 3-D surface surrounding the molecule can be depicted by a D-2 fingerprint plot where 

de=f(d,). Fingerprint plots bring additional information, apart from an analysis o f how strong 

contacts are compared to van der Waals forces. The fingerprint plot depicts the percentage o f the 

overall Hirshfeld surface covered by a particular type o f bond. A red, strong interaction, 

or so called “hot-spot” can be crucial in the formation of a particular crystal structure, but will not 

cover a large percentage o f the Hirshfeld surface, so the overall stabilising effect on the crystal 

structure of this bond can be weaker than a less intensive, blue interaction, which covers a larger 

percentage o f the Hirshfeld surface.
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1.2.3. Thermal analysis
Differential scanning calorimetry (DSC) is a physical method of investigation of heat 

transfer (flow) within a material (solid or liquid) relative to an applied temperature program 

(heating, cooling, isothermal analysis) in reference to the control sample (Hohne et al., 1996). With 

temperature change, the detector records the difference in heat output o f the two heaters (for power 

compensated DSC) for sample and reference. The heat absorbed or released by the sample is 

plotted versus temperature. The heat flow is seen as units of heat (H) per a unit o f time (t) - AH. 

The heating rate is temperature increase (T) per a unit o f time (t) - AT. Heat capacity Cp can be 

therefore defined as equation 1.4.

r
P ~  Eqn. 1.4.

Specific heat is an amount of work, in Joules [J], required to be done by heat flow to raise 

the temperature o f 1 gram o f material by 1 °C. From equation 1.4 it can be seen that key parameters 

that can affect heat flow (AH) in DSC are the heating rate (AT) and a change o f specific heat 

capacity ACp. The ACp occurs because o f the change o f thermal resistance between the sample and 

the reference. As the reference (an empty sample holder) remains unaffected by the temperature 

and time change, the entire change is related to the change of thermal resistance of the sample 

material.

Resistance can be decreased, which is recorded as an endoenergetic event (energy is 

absorbed by the material) and AH increases during, for example, melting. Recrystallisation 

o f an amorphous phase on heating results in an increase in thermal resistance o f the material. 

Recrystallising material releases excess energy, which is recorded as an exoenergetic event.

Two types o f DSC equipment can be distinguished: the heat flux DSC (HF-DSC) 

and the power compensation DSC (PC-DSC). HF-DSC has a common heater 

for sample and reference. The measured signal is a difference in temperature between the sample 

and reference upon controlled AT. Heat exchange between the furnace and sample takes place by 

heat conduction, radiation and convection. In contrast to HF-DSC, PC-DSCs have separate heaters 

and separate temperatures sensors for the sample and reference. The temperature control is more 

complex as it requires as small differences as possible between heating furnaces, sample 

and reference. The heat flow difference is measured as the difference in power required to be 

delivered to the heaters to keep the sample and reference at the same temperature. The PC-DSC can 

give more precise results o f measurement, but are more sensitive to contamination and require 

more maintenance attention.

If the temperature programme employed in the DSC analysis is linear, this DSC method is 

often referred to as “standard”. To facilitate non-routine applications of DSC, a few variants 

o f DSC analysis are distinguished and available commercially from Perkin Elmer™ as Hyper
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Scan™ DSC with Step Scan™ method (HS-DSC, SS-DSC method), Thermal Analysis 

Instruments™ as Temperature Modulated DSC and Mettler Toledo™ as TOPEM™ analysis.

HS-DSC allows for investigation o f solid state transformations upon AT up to 500 °C/min. 

Helium is used to improve conductivity between the furnaces and sample. HS-DSC has higher AH 

sensitivity and better temperature resolution, which allows for example for the detection o f Tgs 

undetectable on conventional scans or for better separation of solid state transformations 

(thermo-induced polymorphic forms). HS-DSC instruments with heating rates up to 200K/s are 

currently in use (Zhang et al., 2002).

SS-DSC and TM-DSC are modifications o f conventional linear AT scans, hi SS-DSC, the 

AT pattern is trapezoidal over time and linear AT are separated with isothermal periods, 

hi TM-DSC the AT is sinusoidal and in TOPEM AT is stochastic (random). All these three 

methods allow for separation o f transitions o f first and second order and reversibility versus AT 

o f thermal events. This allows, for example, the Tg from residual solvent evaporation events to be 

separated (McGregor et al., 2004).

Unfortunately, DSC does not record a mass change, thus an analysis complementary 

to DSC is thermogravimetric analysis (TGA). TG analyser is a precise microbalance, where 

the sample under dry gas flow (usually nitrogen or air) is introduced to a pre-programmed AT 

(Mackenzie, 1969). The mass loss events are recorded and plotted against AT or time. The pattern 

o f mass loss differentiates the loss o f surface bonded moisture, absorbed residual solvent 

and solvated forms. Sometimes TGA is able to separate the different degrees of solvation 

of the given material or evaporation o f differently absorbed solvents, such as ethanol or water.

Due to the novel analytical approach combining analytical methods in modular systems, 

so-called hyphenated methods e.g. TGA Interface™, it is currently possible to evaluate both, 

the qualitative mass loss by TGA and identity o f the removed compound using FTIR 

or MS-Evolved Gas Analysis.

TGA instruments can be divided into two general types: vertical and horizontal balances. 

Vertical balance instruments have a specimen pan hanging from the balance. It is necessary 

to calibrate these instruments in order to compensate for buoyancy effects due to the variation 

in the density o f the purge gas with temperature as well as the type o f gas. Vertical balance 

instruments generally do not have reference pan. Horizontal balance instruments normally have 

two pans. They are considered free from buoyancy effects, but require calibration to compensate 

for differential thermal expansion o f balance arms. A method known as Hi-Res^*^ TG by TA 

Instruments™ is often employed to obtain greater accuracy in areas where the derivative curve 

peaks are indistinguishable (Robens and Unger, 2005). In this method, the temperature increase 

slows as weight loss increases. This is done so that the exact temperature at which a peak occurs 

can be more accurately identified. Selected thermal event detectable by thermal analysis 

and investigated in the preformulation stage o f product development are listed in table 1.3.
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Table 1.3. Thermal events detectable using DSC and/or TGA.

DSC TGA

Event AH [J/g] Reversibility
Initial mass 

change (Amo)

Evaporation of adsorbed 

solvent/ moisture
Endoenergetic

No Negative

Residual solvent 

evaporation
Endoenergetic

Solvated solvent 

evaporation
Endoenergetic

Sublimation Endoenergetic

Glass transition Endoenergetic Yes

N/A

Recrystallisation Exoenergetic No

Solid-solid transformation Exoenergetic

Yes

Melting Endoenergetic

Solidification Exoenergetic

Evaporation Endoenergetic Negative

Condensation Exoenergetic N/A

Boiling Endoenergetic
No Positive/N egati ve

Thermal degradation Exo/Endoenergetic
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1.2.4. Dynamic vapour sorption (DVS) analysis
DVS instrument in its principle is very similar to TGA instrumentation. It is a precise 

microbalance, which continuously records mass change o f the sample over time. The sample is 

placed in a thermostatic chamber and exposed to vapours o f solvents or to a flow of dry gas 

(nitrogen). Depending on the experiment, the sample can be exposed to a laminar flow of vapours 

o f water imitating relative humidity conditions, or to vapours o f organic solvents interacting with 

the tested material. The programmability o f exposure o f the material to a particular concentration 

o f solvent/water vapour is very flexible. The sample can be exposed to constant conditions 

o f relative humidity (RH) over a range o f time (t) or until the mass change (Am/At) o f the sample 

reaches a certain value, considered as constant. The sample can be exposed to RH changes in pre

programmed steps e.g. 0-90-0% RH or over a certain time or until a constant Am/At is reached. 

At every time point the output is given as a percentage o f the initial mass of the sample mo 

(%m/mo). Other possible method o f analysis involves exposing the sample to ramp (linear change) 

conditions of changing RH over time.

To broaden the range o f possible experiments, the modular design of modem DVS 

instrument allows for investigation o f micromeritic changes o f the materials (optical camera 

or microscope) or chemical transformations thanks to FT-IR or Raman attachments. If required, 

the sample can be pre-dried using an additional programmable heater.

In preformulation, DVS may be applied to the following (York, 1983 or Zografi 

and Kontny, 1995):

o Measurement of water sorption/desorption profiles of solid state materials, 

o Analysis o f surface sorption (adsorption) capability o f the material, 

o  Analysis o f capability o f solvent to penetration/deposition in bulk material (absorption), 

o  Assessment o f hygroscopicity o f material, 

o  Identification o f amorphous content o f solid state material, 

o  Determination o f critical humidity o f recrystallisation, 

o  Determination o f critical time o f recrystallisation in given humidity, 

o  Assessment o f critical humidity o f solvate/hydrate formation or desolvation, 

o  Investigation o f material surface transformation upon given RH, 

o Determination o f the rate of water uptake and water diffusion coefficients, 

o  Assessment of the difference in water vapour uptake between the sorption and desorption 

isotherms (hysteresis).
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1.2.5. Specific surface area analysis
The specific surface area of a bulk material is a derived (micromeritic) property 

of the API. Specific surface area can determine the dissolution profile of the API. Intrinsic 

(fundamental such as melting point or chemical nature) and solid state properties of the API may 

impact on processability and can determine the surface area of the processed material.

To evaluate the surface area of a solid material, the theory of Stephen Brunauer, Paul Hugh 

Emmett and Edward Teller, known as BET theory, is applied (Brunauer et al., 1938). It explains 

the physical adsorption of gas molecules on a solid surface and gives rise to a technique for the 

measurement of the specific surface area of a material. The concept of the theory is an extension 

of the Langmuir equation (1916). This equation describes physical adsorption of molecules (gas) 

on a solid surface depending on gas pressure or concentration in isothermal conditions (Eqn. 1.5).

e = a  • P
Eqn. 1.5.

\ + a -  P

Where 0 is a fractional, monolayer coverage of the surface and P is gas pressure or concentration. 

The a parameter is the adsorption constant which increases with an increase in the binding energy 

of adsorption and with a decrease in temperature.

BET theory expands the monolayer theory of Langmuir to multilayer adsorption with 

assumptions that gas molecules physically adsorb on a solid in layers infinitely and the Langmuir 

theory can be applied to each layer. The resulting BET equation 1.6 is expressed by:

1 c - 1
P

1
Eqn. 1.6.

Where: (p = —  is the equilibrium in the saturation pressure of adsorbate at the temperature

of adsorption, v is the adsorbed gas volume, !)„- is the monolayer adsorbed gas quantity, c is 

the BET constant, which is expressed by Eqn. 1.7.

c = exp
RT

Eqn. 1.7.

Where: Ei is the heat of adsorption for the first layer, and El is that for the second and higher layers 

and is equal to the heat of liquification. R is the ideal gas constant 8.314472 [J/mol K], T is 

the absolute temperature (77 K for boiling nitrogen).

The linear relationship of equation 1.6 is maintained only in the range of 0.05 < P / Pq < 0.35 

(Brunauer et al., 1938). The value of the slope A and the y-intercept I of the line are used 

to calculate the monolayer adsorbed gas quantity v„ (Eqn. 1.8) and the BET constant c (Eqn. 1.9) 

respectively:
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—  Eqn. 1.8.
"  A  + I  ^

c  =  1 H—  Eqn. 1.9.
/

The BET method is widely used in surface science for the calculation o f surface areas 

o f  solids by physical adsorption o f  gas molecules. A total surface area SBEi.totai and a specific 

surface area S b e t  are evaluated by the following equations 1.10 and 1.11.

{o N a s )
^BET,total ~  y

S b e t ^ - ^  Eqn. 1.11.a,
W here N a is Avogadro's number, the s is adsorption cross sectional area o f the single, closely 

packed adsorbate (gas) molecule, V is the m olar volume o f  adsorbent gas and the ai is the molar 

m ass o f  adsorbed molecules.

BET analysis instruments usually carry out surface area analysis using nitrogen 

as adsorptive gas. N itrogen cross-section is 0.162 nm^. Adsorption is carried out at the low 

tem perature o f liquid nitrogen -196 °C to enhance adsorption, desorption is carried out at ambient 

conditions.
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1.2.6. Particle size analysis
Particle size of the API can be a very important parameter when formulation 

of a multi-particulate delivery system is under consideration. It is particularly important 

in pulmonary delivery where the API is delivered as a dispersion of particles in dispersing gas 

or liquid. Particles below 5 fim can be distributed deep into the smaller airways and this penetration 

correlates well with good clinical response for local treatment (Malcolmson and Embleton, 1998). 

The particle fraction with aerodynamic diameter (dA) in the 1-2 ^m range is probably the most 

efficient for deposition into the capillary-rich alveolar airspaces. This is the target for the systemic 

delivery o f drugs which are less efficient or less convenient when delivered by other routes. 

Submicron particles (dA < 0.5 |im) can be exhaled, if they are not aggregated and/or if  insufficient 

time is available for their migration to the lung walls (Chow et al., 2007).

Particle size can impact on powder flowability o f the material (Teunou et al., 1999) 

subjected to dry compaction (Herting and Kleinebudde, 2007), agglomeration (Sherif et al., 2004), 

granulation or tableting (Maschke et al., 2008). It can impact on blending with other excipients.

Laser diffraction is one o f the most widely used techniques for particle size analysis. 

In laser diffraction particle size analysis, a representative dispersion o f particles passes through 

a broadened beam of laser light, which is scattered onto a Fourier lens (Kippax, 2005). The laser 

beam is broadened so it may interact with a large number of particles in the sample cell. The lens 

focuses the scattered light onto a detector array and, using an inversion algorithm, a particle size 

distribution is inferred from the collected diffracted light data. Laser diffraction particle size 

analysis relies on the fact that particles, passing through a laser beam, will scatter light at an angle 

that is directly related to their size. As particle size decreases, the observed scattering angle 

increases logarithmically.

The resolution o f a laser diffraction particle size analyser can be defined as the ability 

of a system to differentiate between similarly sized particles and therefore measure the correct 

shape and true width of the particle size distribution (Allen, 1992), finding any ‘tails’ 

or ‘shoulders’. Optimal size distribution results are achieved by covering a wide angular range with 

a sufficient number of detectors to ensure that important information from the scattered light is not 

lost or overlooked.

Modem laser diffraction instruments use Mie Theory as the basis o f their size calculations. 

The Mie theory is built on Maxwells’s electromagnetic field equations and is based on two 

important assumptions. The particle is assumed to be spherical and the result is based on volume 

of equivalent spherical particles. The result of analysis is given in diameter o f spheres. This 

diameter is calculated from the measured volume of the particle and it is assumed that it is 

a diameter o f sphere possessing equivalent volume to the measured particle. This assumption 

always needs to be taken into account when laser diffraction analysis results are analysed. Modem 

instruments measure the cloud o f particles and require suspension or cloud to be diluted enough.
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that scattered radiation is directly measured by the detector (single scattering) and not rescattered 

(multiple scattering).

Measurements can be performed in liquid suspension or in dry gas dispersion. The first 

method is considered as less preferable in analysis o f materials which are not to be used 

in suspensions as the final drug form. The use of the liquid method requires concerning if measured 

particles do not dissolve in suspending liquid, if dispersion o f mono-particulate suspension devoid 

agglomeration is formed (addition o f a surfactant may be considered as helpful) and the lack 

o f particle sedimentation is also required.

The dry method is not devoid o f issues needing consideration. The measured dry powder is 

firstly pre-dispersed on a vibrating tray, then dispersed via coarse mesh with metal beads and is 

further mixed with dry air to gain the desired mono-particulate dispersion. The pressure 

o f the dispersing gas may be adjusted in the range o f 0.1 to 3.9 bar (Malvern histruments, 1998). 

If particles are fragile, the dispersion pressure should be large enough to break small agglomerates 

and not too big to shatter particles.

Laser diffraction can generate the d[4,3] or equivalent volume mean. Table 1.4 presents 

selected parameters describing particle size (including other methods than laser diffraction) 

and particle size distribution.
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Table 1.4. Selected parameters describing particle size and particle size distribution.

Parameter symbol Description

d(10) The diameter from which 10% of populated particles is smaller

d(50) Median diameter from which 50% of populated particles is smaller

d(90) The diameter from which 90% of populated particles is smaller

d[l,0] Number diameter mean
Y dd[l,0] = ^  

n

d[2,0] Number surface mean 4 2 ,0] = ^ ^  
n

d[3,0]
Number volume mean, number weight mean, 

volume mean diameter (VMD)
Y d '  

4 3 ,0 ]  = ^ ^  
n

d[4,3] Diameter of sphere of equivalent volume
Y d '

4 4 . 3 ] = ^ ^ ,

d[3,2]
Diameter of sphere of equivalent surface area, 

Sauter Mean Diameter (SMD)

Yd '
4 3 , 2 ] = ^ ^ ,

Mode The most common value of the frequency distribution

Span d(50)

The particle size distribution (d(10), d(50), d(90)) and span inform how broad or narrow is 

particle size distribution. This information indicates the consistency of the bulk material in terms 

of size, confirms the quality (uniformity) of the production process (micronisation, milling, spray 

drying) and informs if particle size distribution is normal or skewed. Poly-modal particle size 

distribution is another measure (besides span) of un-uniformity of material bulk, and often 

is an undesired effect of a production process.

1.3. Solid state properties of pharmaceutical materials
There are two types of solid state materials: crystalline and amorphous. Both can be found 

in pharmaceutical solids.
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1.3.1. Crystals
A crystal or crystalline solid is a solid material whose constituent atoms, molecules or ions 

are arranged in an orderly repeating pattern extending in all three spatial dimensions. The crystal 

structure o f a material or the arrangement o f atoms in a crystal structure can be described in terms 

o f its unit cell (the unit cell is described in Section 1.2.1).

The crystal structure has a three dimensional shape. The space group o f a crystal 

or crystallographic group is a mathematical description o f the symmetry inherent in the structure. 

The word 'group' in the name comes from the mathematical notion of a group, which is used 

to build the set o f space groups. A crystallite comprises multiplication of single crystal cells 

in all three dimensions along three cell axes, so a given plane of one single crystal cell is shared 

with a neighbouring unit. Crystallites can develop several crystal habits (needles, prisms, cubes 

etc.). Crystals can be made by the API and one or more other components that may be a solid, 

liquid or gas forming e.g. salts, co-crystals, solvates.

An API may form several crystal forms, termed polymorphs, having different 

pharmaceutical properties and varying in physical stability (metastable forms). Each polymorphic 

form can exhibit several crystal habits with different pharmaceutical properties.

Due to the complex nature o f crystallographic studies of solids; geometric, structural, 

chemical and physical characterisation o f crystals can be distinguished. Descriptions o f these 

analyses are presented below (Table 1.5).

Table 1.5. Crystallographic characterisation in preformulation

Crystal characterisation Description

Geometric

External shape of crystal, which can impact on, 

for example, the compaction properties of 

crystalline solids

Structural
Description and determination of the internal 

geometry of the structure

Chemical

Description and analysis o f structural 

organisation o f atoms, ions and bonds between 

molecules

Physical Description of physical properties o f crystal
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1.3.1.1. Salts and co-crystals
In salts two or more solids or a solid and a liquid forming the crystal are attracted by ionic 

interactions. If attractions between two or more solids are based on weaker (H-bond) interactions, 

this form is termed a co-crystal.

Salt formation and co-crystal formation may be used to alter the physicochemical, 

biopharmaceutical and processing properties o f a drug substance without modifying its core 

chemical structure. The salt approach is a simple, and usually the first choice, method of tuning 

properties o f an API containing ionisable functional groups. The new salt has unique properties 

to overcome undesirable features o f the parent drug (usually solubility profile). The formation 

o f a salt from the parent drug rarely affects the pharmacology o f the drug substance. Salts can differ 

greatly from the parent drug in physicochemical properties such as melting point, solubility, 

dissolution rate, hygroscopicity, chemical stability, crystal form and solution pH.

The most common examples of salts used in the pharmaceutical sector are hydrochloride 

salts o f basic drugs and sodium salts o f acidic drugs (Stahl and Wermuth, 2008). The salt formers 

(counterions) may be chosen from a few classes. The first class of salt formers have unrestricted 

use for that purpose because they are physiologically ubiquitous ions (e.g. Cl', Na^, K^) or because 

they occur as intermediate metabolites in biochemical pathways (e.g. trimefrexate, glucuronate). 

Nearly 90% of the reported pharmaceutical salts are formed with sodium, calcium, potassium, 

magnesium, meglumine or ammonia with more than 55% made with sodium cations 

(Stahl and Wermuth, 2008).

Most of the newly synthesised APIs are classified as poorly water soluble and furthermore, 

have no ionisable groups able to form sahs. Those APIs may form co-crystals, if suitable 

co-formers are identified. Interactions weaker than ionic interactions play a role in their formation. 

Co-crystal formation, similarly the salt formation, may result in an improved solubility o f the API 

(Shan and Zawrotko, 2008).

The possibility o f using co-crystals in a similar manner to salts in order to alter 

the physicochemical properties o f an API was presented in 2003 by Bailey et al., who described 

binary crystalline phases involving ibuprofen, flurbiporfen and aspirin. Since then, the possibility 

o f co-crystal formation has been explored in order to improve the oral bioavailability o f an API 

using glutaric acid (McNamara et al., 2006). In the same year Variankaval et al. (2006) reported 

nonstochiometric co-crystals of phosphodiesterase-FV inhibitor with L-tartaric acid. Zegarac et al.

(2007) published co-crystalline forms o f sildenafil with acetylsalicylic acid. This form had 

an improved aqueous solubility in comparison to the marketed citrate salt. Shan and Zaworotko

(2008) reviewed the roles o f co-crystals in pharmaceutical sciences highlighting the marketed 

co-crystal o f fluoxetine hydrochloride (Prozac™). Dova et al. (2008) patented a co-crystal 

o f tenofovir disoproxil with fumaric acid.
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1.3.1.2. Solvates (pseudopolymorphic forms)
The most common way o f producing crystals is to nucleate them from a solution 

by the formation o f a supersaturated solution, in the metastable zone, followed by nucleation 

and precipitation o f crystals. This means that molecules of the API are in direct contact 

with the solvent. If, at the nucleation stage, the enthalpy o f a potential crystal lattice of the API 

with molecules o f the solvent is lower than that o f the crystal lattice of the API molecules on their 

own, a solvate will be formed.

A solvate it is a crystalline material of the API with incorporated molecules of a solvent. 

Molecules o f the solvent can be bonded, coordinated by molecules o f the API or they may be 

trapped in the interstitial space o f the crystal lattice and held there by H-bond interactions with 

the API. Usually the ratio o f the coordinated solvent to the API is constant and stoichiometric 

(Kim et al., 1990). The stoichiometry o f the interstitial, channel solvates may vary (Stephenson 

and Diseroad, 2000).

If solvent molecules are water, hydrates are formed. Hydrate formation was observed 

for APIs such as theophylline, cefixime and caffeine. The interstitial, channel content o f water 

molecules may vary depending on environmental conditions, raising physical stability issues. 

Pseudopolymorphic forms refer to the API crystallising in different conditions as different solvated 

crystal forms and should not be conftised with polymorphism (McCrone, 1965, Halebliand 

and McCrone, 1969). Solvatomorphism was coined to describe the different crystal forms 

o f a solvate (Brittain, 2009).

Pseudopolymorphic forms, as in the case for polymorphs, may exhibit different physical 

properties such as density, habit, stability, dissolution rate or bioavailability. The main properties 

affected are melting and sublimation temperatures, heat capacity, conductivity, volume, density, 

viscosity, crystal hardness, crystal shape, colour, refractive index, solubility, dissolution rate, 

stability, hygroscopicity and solid state reactions.

Processing during production, if  the drug substance is a solvate or a hydrate and partially 

loses its structure, is another area of concern for the pharma industry. The formation of a hydrate 

has been observed during wet granulation, pelletisation or after storage of tablets or capsules. 

Examples where this occurs include theophylline (Jorgensen et al., 2004), caffeine (Howell et al., 

1997), codeine phosphate (European Pharmacopia, 2010), nitrofiirantoin (Tian et al., 2010) 

and oxytetracycline (Gans and Higuchi, 1957). Phase transformations, existing between 

the different phases, including the anhydrous or non-solvate form, vary with, for example, 

temperature, pressure, relative humidity and solvent. In many cases the solvent molecule(s) is 

an integral part of the crystal structure and desolvation leads to the collapse o f the original structure 

o f the crystal and the generation o f a new crystal structure. At the other side o f the scale are 

solvates in which the solvent is very loosely bound. In this case desolvation does not require 

extreme conditions and the process will not lead to the original structure (McCrone, 1965).
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Solvate formation should not be overlooked in crystallisation processes. A solvate form 

may be crystallised and then transformed into a desolvated form on drying. The desolvate may be 

thermodynamically stable or metastable. If hydrate formation occurs only in water and if  no 

transition o f the anhydrous form to a hydrate occurs at high relative humidity levels, the anhydrous 

form will be preferred, but if the hydrate is formed at low humidities, the choice o f the best form 

may be complicated. A great number o f solvates have been reported, especially for steroids 

(Kuhnert-Brandstatter and Gasser, 1971) and antibiotics (Hickey et al., 2007). A range of solvated 

forms of chlorothiazide, such as chlorothiazide formic acid solvate (Johnston et al., 2007a), 

chlorothiazide N,N-dimethylacetamide disolvate (Johnston et al., 2007b), chlorothiazide DMSO 

solvate (Johnston et al., 2007c) and chlorothiazide-pyridine solvate (Johnston et al., 2008) have 

also been prepared and their crystal structures described.

Solvates and hydrates are best distinguished from polymorphs by the combination o f DSC 

and TGA applied to the desolvatation process.

The possibility of solvate formation raises preformulation issues related to solvate 

physicochemical stability, risk o f desolvation, impact o f solvation on the API solubility etc., which 

should be addressed. The stable crystal form is expected to be robust under handling, storage 

and processing conditions (mechanical stress, thermal stress, humidity, time. The effect 

o f polymorphism or pesudopolymorphism on bioavailability is the most important factor 

if the bioavailability is mediated via dissolution (Otsuka, 1993).
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1.3.2. Amorphous state
In contrast to crystals, an amorphous substance is a material that does not exhibit any 

crystal lattice inherently e.g. polyvinyl pyrrolidone (PVP) or hydroxypropyl methylcellulose 

(HPMC) or a crystalline material devoided o f the crystal lattice by mechanical activation or thermal 

induction. Accolate™ (zafirlukast), Ceftin™ (ceftjroxime axetil), Accupril™ (quinapril 

hydrochloride), Rezulin (troglitazone) and Humulin L (insulin analogue), are examples 

o f marketed dosage forms containing amorphous APIs.

Amorphous APIs have different physicochemical properties than the corresponding 

crystalline materials. They are thermodynamically unstable (higly energetic, disordered forms) 

and have the tendency to recrystallisation (Saleki-Gerhardt et al., 1994), since, according 

to the second law o f thermodynamics, the matter will minimise enthalpy at equilibrium. 

The amorphous form may be unstable on storage; additionally it is usually more hygroscopic than 

the equivalent crystalline form. An amorphous material is characterised by a glass transition 

temperature (Tg), a critical thermal parameter o f a comparable significance to a melting point 

o f a crystalline substance. The glass transition temperature in this work is defined as the midpoint 

temperature of this thermal event, related to an increase in specific heat o f the material. Physically, 

the glass transition temperature is a transformation of the amorphous material from a solid-brittle 

form to a so called, rubbery-plastic form. Tg, preceding thermal recrystallisation o f the amorphous 

form, will always be lower than the melting point (MP) o f the crystalline material.

The advantages o f the amorphous state include increased solubility (Alleso et al., 2009) 

and dissolution rate. These, in consequence, may lead to an improved bioavailability o f the API. 

It may also allow formulation o f modulated release dosage form such as e.g. Lilly’s Humulin L®, 

where the amorphous form is responsible for immediate release o f insulin at the first stage 

and the crystalline form is responsible for the prolonged release. In the modem pharmaceutical 

industry, where often new APIs with strongly reduced solubility or bioavailability are produced, 

the advantages presented by the amorphous state may overcome associated disadvantages 

and prompt the design o f new dosage forms (Carstensen et al., 1993, Sheth et al., 2005).

1.4. Physical processing of pharmaceutical solids
Examples o f production processes which enable amorphous arrangement are: spray drying, 

spray fi'eeze drying, atmospheric spray freeze drying, hot stage extrusion as well as precipitation 

by solvent evaporation, quench cooling or milling.

Spray freeze drying is a two stage process. It has not been developed as an industrial scale 

process, only the lab scale is available. It is based on atomisation o f a solution containing 

the dissolved API and then freezing the droplets in liquid nitrogen. The second stage is long lasting 

lyophilisation. Due to the lyophilisation stage, the process is limited to only a few solvents 

e.g. water, butyl alcohol and solvents with low melting points (such as methanol, ethanol, acetone)
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cannot be used. Similar limitations are characteristic o f atmospheric spray freeze drying. Here 

the sample is frozen in extremely cold air with the cooling agent being liquid nitrogen.

Hot melt extrusion allows amorphous extrudates to be obtained which are intermediate products 

and require further technological processing like milling. Additionally, this process uses conditions 

o f high and long lasting thermal stress. Therefore it is unsuitable for thermally labile API. 

Production o f amorphous solids by solvent evaporation can be employed for materials with weak 

crystal lattices, weak enough to be counteracted by molecular interactions with a suitable solvent. 

It is possible, on laboratory scale, to obtain amorphous forms o f drugs at room temperature.

Quench cooling encompasses sample melting and quick solidification for example, in liquid 

nitrogen. This method allows for the production, on laboratory scale only, of samples which are 

thermally stable up to their melting points.

Formation o f amorphous forms by milling is also possible but involves long milling periods 

and it is difficult to obtain a powder with homogenous physicochemical properties 

(Gupta et al., 2003).

1.4.1. Spray drying

Spray drying is a one-step manufacturing method for the production o f microparticles. 

It is available as an industrial scale process, but small, lab-scale equipment also exists. It produces 

morphologically uniform microparticles with a narrow particle size distribution therefore it may be 

regarded as being superior to milling, which may require subsequent sieving of the powder.

A spray drying process can be divided into several steps. The first step encompasses 

solution delivery to the atomisation nozzle. This is provided by a peristaltic pump and silicon 

or solvent-resistant plastic tubes. The second step is solution atomisation. It can be done using 

a standard two- or a three-fluid nozzle, whereby one or two liquids are mixed with compressed gas. 

It is also possible to use an ultrasonic nozzle or a rotary atomiser. In the next step the dispersed 

droplets are dried by air, carbon dioxide or nitrogen. Dry particles are then separated from the gas 

stream in a cyclone and collected in a collecting vessel fitted underneath the cyclone. Exhaust gas 

is additionally filtered.

Solid materials can be obtained from solutions, suspensions and emulsions using spray 

drying. It is a flexible process where process parameters can easily be changed depending 

on the required properties o f the resulting powder. For instance, a wide range of solvents 

or mixtures of solvents could be used. The limitation could be the flash point o f the solvent. 

The process can also be carried out in an oxygen-free atmosphere in an open or closed mode. 

The latter involves entrapment o f solvent vapours and recirculation of the drying gas. This allows 

for a wider design space to obtain the optimum particle morphology.

To summarise, some process variables are briefly listed and described in tables 1.6 and 1.7.
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Table 1.6. Variables impacting on the spray drying process; factors related to the dried system.

Variables related to dried system

Variables Implications

API and its properties before 

processing

Mehing point, Tg, molecule 

parameters; polarization 

constant, presence o f ionic or 

strongly polarised bonds, 

dipole moment, molecule C 

size, enthalpy o f molecule, 

hydrophilic/hydrophobic 

character, moisture stability, 

thermal stability. Enthalpy of 

crystal lattice.

Feed concentration range, 

_K Solvent selection, 

Inlet temperature

Solvent or solvents mixture

Boiling point(s), pH, density, 

viscosity, surface tension, |-  

heat capacity, heat of 

evaporation

Inlet temperature selection,
4=L

Outlet temperature

b  ^~  Particle morphology.

Solid-state nature of 

processed material

API/solvent mixture 

properties

Boiling point(s), pH, density, 

viscosity, surface tension, 

feed temperature C

Chemical stability of API in 

solution,

P
Particle morphology

Type of feed
Solution, suspension, 

emulsion
^  Particle morphology

Saturation
Concentration o f dissolved

solid(s) [[

Particle size,

i )
Process of droplet drying

API properties after solvent 

evaporation

Degree o f crystallinity. 

Theological properties of 

material, bulk and true 

density, compressibility,  ̂

particle size, melting point, 

glass transition point.

Solvent residue 

Process efficiency
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Table 1.7. Variables o f  impacting on the spray drying process. Factors related to the spray dryer 

(Buchi B-290).

Variables related to Biichi B-290

Parameter Variables Implications

Feed/gas delivery mode

Type o f  nozzle, relative 

placement o f  peristaltic pump 

in relation to nozzle on 

vertical plane ^

Uniform ity o f  particle size, 

uniformity o f  content, 

particle morphology

)

Feed rate

The speed o f delivery o f  feed 

to atomisation nozzle: 0-30 j- 

ml/min

Droplet and in consequence 

)  particle size

Gas type Air, nitrogen, carbon dioxide Outlet temperature

Gas pressure

5-8 bar

[

Particle size 

 ̂ Drying conditions related to 

outlet filter pressure

Drying gas flow

200-800 1/h

[

Particle size. 

Production yield,

)  Solvent evaporation 

efficiency

Spray gas flow
84-819 1/h at pressure drop

0.15-1.8 bar ^

Droplet size, 

T Particle size

Actual gas volume flow 283-2293 1/h Evaporation rate

Evaporating capacity
Max. 11/h H2O, higher for 

organic solvents

Solvent evaporation 

T efficiency

Nozzle (two fluid) tip 

diameter

0.7 mm, 1.4 mm and 2 mm

c^ Droplet size. Particle size

Nozzle (two fluid) cap 

diameter

1.4 mm, 1.5 mm

[
^ Droplet size, Particle size

Gas aspiration
20-35 1/h at 50-100% 

aspirator efficiency ^
^ Production yield

Drying mode: open/closed Filter outlet pressure

[

Drying conditions. 

Solvent residue in dried 

^ powder

Cyclone: standard/ high 

efficiency
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The variables that may impact on the final product in spray drying can be divided into two 

groups: those related to the liquid feed components (Table 1.5) and those related to the drying unit 

(Table 1.6). The flexibility in design o f a spray drying process can often be restrictsd due 

to equipment availability and limitations o f the model to be used but this can be overcome, at least 

partially, by manipulating the liquid feed e.g. API concentration, solvent choice etc.

API and its properties define the type of solvent to be used. In addition to a pure solvent, 

a mixture of two or more solvents can also be used, which allows the morphology o f the spray 

dried material to be altered (Healy et al., 2008, Nolan et al., 2009, Nolan et al., 2011, Ni Ogain et 

al.,2011).

Although spray drying is considered as a process which is easy to control, it is demanding 

in its design o f optimum performance. Each step o f the spray diying process including: 

o  feed preparation and composition,

o  delivery of liquid feed to atomizer,

o  atomization,

o  mixing o f atomized droplets with drying gas,

o  distribution o f drying gas/droplets in the drying chamber,

o  droplet drying,

o  particle conveying,

o  separation o f powder from drying gas,

o  powder discharge,

needs to be analysed and optimised, often with implications on spray dryer selection. Modem 

design of a spray drying process on an industrial scale is modular e.g. different atomisers can be 

used, secondary drying equipment can be attached etc.

Spray drying is a known method of producing o f amorphous solids. In 1983 Corrigan et al., 

reported that spray drying was an effective method of producing amorphous hydroflumethiazide. 

Subsequently, a range o f thiazide compounds was processed by spray drying and resulted 

in the production o f amorphous forms o f bendroflumethiazide, cyclopenthiazide, polythiazide 

and cyclothiazide. Exceptions were hydrochlorothiazide and chlorothiazide, which were obtained 

as crystalline forms Corrigan et al. (1984). In 1985 Corrigan et al., published studies on co-spray 

drying o f indomethacin with polyvinylpyrrolidone (PVP), where PVP was used to stabilise 

the physically unstable amorphous form of indomethacin.

The production of crystalline products by spray drying is also possible (Di Martino et al., 

2001). Spray drying may also alter the crystalline form of processed material resulting 

in a polymorphic transformation. Such transition was reported for phenobarbitone, which upon 

spray drying transformed from a crystalline form II to form III. The latter had a large specific 

surface area o f 17 m^/g and had an improved apparent solubility of about 25% in comparison 

to form II (Corrigan et al., 1983). Di Martino et al., 2001 reported polymorphic transformations
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o f spray dried acetazolamide, when investigated the impact o f spray drying on compressibility 

o f processed acetazolamide.

1.4.2. Preformulation in tablet formulation development
Tablets as solid state drug delivery systems (SSDDSs) are expected to be sufficiently 

robust to withstand packaging, shipping, storage and administration conditions, but to readily 

disintegrate or directly dissolve in the gastrointestinal tract (GIT) or even in the oral cavity 

if designed as orally disintegrating tablets (ODS). The role o f the tablet as a drug form is firstly 

to deliver the API quantitatively to the site of absorption (absorption window) and secondly 

to expose the API to the dissolving medium within the expected period o f time (from ultra rapid 

to modified release (prolonged, retarded)). Additionally, as with every drug form, tablets are 

expected to meet stability requirements.

The tablet performance, among several parameters, depends on the physicochemical 

properties o f the API. Thus a comprehensive characterisation o f the API is a key part 

of the formulation development. The characterisation o f mechanical properties of the API is a part 

of preformulation.

Preformulation characterisation o f powders intended for direct compression is focussed 

on simplifying manufacturing. The produced tablets should have a desired hardness with low 

friability, long shelf-life, desired time of disintegration and(or) dissolution. Physicochemical 

properties o f powders intended for direct compression determine tablet stability and dissolution 

behaviour. If the API is the main component of the tablet, the ease of manufacture, hardness 

and friability can be controlled by the use of excipient only to a limited extend. In relation to tablet 

formulation, API properties can be divided into intrinsic physicochemical properties of the API that 

cannot to be changed without a chemical modification o f the API and micromeritic properties 

which can be adjusted to meet the formulation needs (Table 1.8).

31



Chapter 1 Introduction

Table 1.8. Selected physicochemical and micromeritic properties of API impacting on the 

perfonnance o f tablets (Augsburger and Hoag, 2008).

Property Classification Performance implication

octanoL/water partition 

coefficient (logPo)

Molecular-chemical Aqueous Solubility

pKa Molecular-chemical pH solubility

melting point, Tg Molecular-chemical Hardness

Solid state form Molecular-physical Dissolution rate

Crystal habit Molecular-physical Hardness

Surface area Micromeritic-physical Dissolution rate

Particle size Micromeritic-physical Dissolution rate, 

Flowability

Particle shape Micromeritic-physical Flowability, Compactibility

Porosity Micromeritic-physical Dissolution rate,

Compactibility,

Hardness

Dissolution o f the API fi-om the tablet involves a number o f steps. The tablet, when placed 

in a dissolution medium, is first wetted then the liquid starts to penetrate the tablet with two 

simultaneously ongoing processes: erosion (disintegration) and dissolution.

Several equations can be used to describe dissolution kinetics from pharmaceutical dosage 

forms (Costa and Lobo, 2001). Noyes-Whitney equation (Eqn. 1.13) assumes that the surface area 

o f the dissolving material is constant and describes the dissolution rate (AQ/At) is proportional 

to the difference between solubility (Cs) and the bulk concentration (Cb) of the dissolving 

substance.

^  =  t ( C . - C , )  Eqn. 1.13.
A/

Modifications o f this equation by Nemst (1904) and Brunner (1904) (Eq. 1.14) showed that 

the proportionality constant k from equation 1.13 could be related to the diffusion layer 

h surrounding the dissolving particle, diffusion coefficient (D) o f the dissolving material 

in the layer and the surface area o f the particle (A).

^  = Eqn.1.14.
At h

Therefore the dissolution rate is determined by the diffusion rate through the layer as it is 

described by Nemst Brunner model (Qiu et al., 2009). When the bulk concentration o f the drug is 

not higher than that present in a sink condition, which is commonly assumed to be no more than
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10% of the drug solubility (Qiu et al., 2009), the concentration of the drug in the bulk medium 

parameter incorporated into Nemst-Brunner equation can be ignored. If the particle is large, 

the diffusion layer on the particle may be assumed to be planar, as the thickness o f the diffusion 

layer is much smaller than the particle diameter.

Hixson and Crowell (1931) acknowledged that the regular area A of spherical particles 

of density do and quantity Q=doV is proportional to cubic root o f its volume (V). In equation 1.15 

0  is the initial amount of substance in the pharmaceutical dosage form, Q, is the retained amount 

of the substance in the dosage form at time t (the amount undissolved) and K1 /3  is a constant 

incorporating the surface volume relation (Eqn. 1.15).

Eqn. 1.15

Ki/ 3  is fijrther described by Eqn. 1.16 as:

^ 1/3 =

> 1/3
2DC, 

h
Eqn. 1.16.

Where D is the diffusion layer and Cs is a solubility o f the substance in the medium.

The complete dissolution time of the spherical particle is (Eqn. 1.17):

t = Eqn. 1.17.
DC,

The Hixson and Crowell model applies to the dosage forms, including tablets, where 

dissolution occurs in planes parallel to the drug surface, if the tablet dimensions diminish 

proportionally in the manner that the initial geometrical form remains constant all the time. 

This model was used previously to describe the release profile o f the particles with decreasing 

surface o f the drug particles during dissolution by Niebergall et al., (1963), Prista et al., 1995).

The parameter A in Eq. 1.13 relates to the micrometric characteristics o f the API. It can be 

modified relatively easily using the following approaches: comminution (milling, micronisation, 

precipitation) or production o f porous materials. The increase o f porosity decreases the bulk 

density o f the produced material (Nolan et al., 2009). Furthermore, an increase o f surface area 

of the API is beneficial for its compactibility and as a consequence impacts on the tensile strength 

of the tablets produced (Westermarck et al., 1998).

Compactibility of an API powder involves consolidation o f the powder bed under applied 

pressure, by porosity reduction and tablet formation mainly due to particle rearrangement, plastic 

deformation, brittle fraction, fusion or interlocking (Augsburger and Hoag, 2008). Compression 

of powder into tablets is directly related to the reduction o f volume o f the material.

Due to the importance o f compactibility o f pure materials or due to an impact 

of compactibility of pure material on compactibility o f blend of powders (formulation), different 

aspects of compactibility of pure pharmaceutical compounds are often reported in the literature 

(Sun et al., 2001, Joiris et al., 1998). Several factors controlling powder compactibility have been
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reported to date. These factors can be divided into three main groups: particle mechanics, particle 

dimensions and particle adhesiveness. The most common reported relationships include an increase 

o f tablet strength following a decrease o f particle size o f the powder and greater tablet strength 

related to greater particle shape irregularity.

In a tablet, depending on the compactibility characteristic o f each o f ingredients, they may 

play a role of either a binder or a disintegrant, affecting the overall compactibility performance 

o f the formulation.

1.4.2.1. Orally disintegrating tablets
Unfortunately, not every API can be presented as a conventional tablet or a hard capsule, 

because o f poor solubility, insufficient absorption from the gastro-intestinal tract (GIT), a slow 

dissolution rate or because o f poor patient compliance. Patients may refuse to swallow 

or may be unable to swallow a tablet or a capsule (geriatric, disabled patients or children). Often, 

the above issues can be solved by formulating the API as orally disintegrating tablets (ODTs).

ODTs can be taken with or without water. Therefore, a major benefit for people using ODT 

products is to take them for “as needed" conditions e.g. seasonal allergies, migraines or when 

travelling when they are not near a suitable water supply. Clinically, the fast onset of action is 

especially desired for e.g. migraines. Pregastric absorption can result in improved bioavailability 

and as a result o f reduced dosage, improved clinical performance through a reduction of unwanted 

effects. For many children the ability o f the tablet to “disappear” in the mouth results in greater 

compliance and a better acceptance, particularly if sweetening/flavouring agents are used. 

A change o f delivery site, for tablets containing APIs which are poorly soluble in the low pH 

o f the stomach (pH«l-2), to the higher pH o f the mouth and upper part o f GIT (pH~6.8-7) can 

result

in a better dissolution profile. Additionally, gastro-intestinal irritation may be avoided. Some APIs 

can absorb better in the mouth and upper GIT than in the other parts of gastrointestinal tract, 

for example because o f first-pass effect is bypassed.

A good example o f an API formulated as an ODT is hydrochlorothiazide, classified 

as class III (good solubility, poor permeability) o f the biopharmaceutics classification system 

(BCS). Hydrochlorothiazide was found to have a better absorption profile when administered 

as ODTs, prepared by lyophilisation, than the reference formulation (Esidrex™) (Corveleyn 

and Remon, 1998). Pharmacopoeial guidelines restrict ODTs to disintegrate within 3 minutes, 

though the USP monograph for ondansetron ODTs says that the disintegration cannot be longer 

than 10 seconds.

Examples o f APIs which are marketed as ODTs are loratadine (Alvert™^, rizatriptan 

benzoate (Maxalt™), ondansetron (Zofran™), lansporazol (Zoton™ FastTab™), olanzapine 

(Zyprexa™ VeloTab™ vel Zydis™), sumatriptan (Imigran Radis™), ibuprofen (Nurofen
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FastMelt™), aspirin (Fasprin™), methadone (Methadose™), donepezil (Aricept™) or aripiprazole 

(AbiHfy™). Patented ODTs formulations include: RediTabs, Zydis, SolTab, OraSolv, Flash Dose, 

DuraSolv, Wowtab, Maxalt-MLT, Fastmelt, VeloTab, FasTab. Table below (Table 1.9) presents 

a summary o f marketed technologies of some ODT products.

Table 1.9. A summary o f marketed technologies used to prepare ODTs:

Basis for teclinology Company Technology

Lyophilisation (freeze drying) 

process

Cardinal Health Zydis™

Janssen Pharmaceutica Quicksolv™

Pharmalyoc LyoC^M

Cotton candy process Biovail FlashDose™

Compaction (tableting)

Cima Labs OraSolv®/DuraSolv'^'^

Y amanouchi WOWTABTM

Ethypharm Flashtab™

SPI Pharma PharmburstT'^

Lyophilisation results in tablets that are fragile with a porous wafer appearance. A solution 

or emulsion containing all formulation ingredients is freeze dried directly in a blister-pack. Despite 

the fact that these tablets disperse very rapidly on the tongue, the method is limited 

to approximately 60 mg of water soluble API per tablet. Cotton candy method is based 

on the production o f an amorphous, saccharide-based matrix formed during a shearfoam process. 

The porous matrix with large surface area and porosity is then cured and milled. Tablet 

compression technology may include direct compression or granulation methods and is based 

on conventional manufacturing tooling.

1.5. Active pharmaceutical ingredients used in current work 

1.5.1. Chlorothiazide
The chemical name o f chlorothiazide (CTZ) (Fig.l.X) is: 6-chloro-4H-1,2,4- 

benzothiadiazine-7-sulfonamide 1,1-dioxide (Connors et al.,1986). As presented on figure I.X., 

dissolved CTZ exists in two tautomeric forms, the presence o f which depends on the pH o f the 

solution. As a weak acid CTZ undergoes dissociation in alkaline solutions; the pKa values o f CTZ 

are: 6.8 and 9.4.
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Figure 1.5. Tautomeric forms o f  chlorothiazide and dissociation products (Connors et al.,1986).

CTZ was designed by M erck (Beyer, 1977). A  previously known m olecule containing a 

sulphonamide group was sulphanilamide. Mann and K eilin (1940) reported that sulphanilamide 

works as a carbonic anhydrase inhibitor, causing alkalinisation o f  the patient’s urine during 

chemotherapy. In 1942 Hober reported that alkalinisation o f  urine was related to increased sodium  

and bicarbonates excretion, w hile Schwartz (1949) indicated that the impact on chlorine ions 

excretion w as not significant. Substitution o f  the aromatic amine group o f  sulphanilamide with a 

carboxylic group resulted in p-carboxybenze-sulphonam ide (C BS) and improved secretion o f  

sodium  and chlorine ions. Beyer in 1954 reported that despite these compounds directly influencing 

the transport o f  cations, the diuretic effect seem ed to be too weak to be utilised. The introduction o f  

a second sulphoamoyl group into CBS at the meta position resulted in the formation o f  m-chloro- 

o,p-disulphonam ide am inobenzene (C D SA ), with significantly increased potency. Further 

exploration o f  disulphoam ylobenzene analogues resulted in the discovery o f  the CTZ m olecule.

The m olecular formula o f  CTZ is C7H6 CIN 3O4 S2 . It is a white, or practically white crystalline 

com pound with a m olecular w eight o f  295.73 amu. CTZ is very slightly soluble in water, poorly 

soluble in acetone, ethanol and methanol but readily soluble in aqueous alkali solutions (European 

Pharmacopia 2010).

Cham icki et al. (1956) and Connors et al. (1986) reported that as CTZ is stable in low  pH (0 - 3.5) 

but in alkaline solutions the rate o f  degradation increases and CTZ undergoes hydrolysis (Fig. l.X )  

to 4-am ino-6-chloro-m -benzene disulphonamide.
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NH.
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NH

NH.NH
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Figure 1.6. Possible products of degradation of chlorothiazide.

CTZ was chosen as a model compound in this work, due to its high melting point and very low 

aqueous solubility. It is a small molecule with polar moieties and a reported potential of salt 

formation (Chamicki et al., 1956), however no characteristics o f salt forms o f chlorothiazide have 

been published to date.
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1.5.2. Salbutamol
The (R,S)-alphal-[(tert-butylam ino)m ethyl]-4-hydroxy-m -xylene-alpha,aIpha'-diol (Fig. 

1 .X) is an active pharmaceutical ingredient (API) known as salbutamol (SB). It is a short acting f>2- 

m imetic used as a bronchodilator. It is marketed as an equal racemic mixture in inhalers (liquid and 

powder), nebules, injections, syrups and tablets. Salbutamol was the first selective p2-receptor 

agonist to be marketed in 1968. It was first sold by Allen & Hanburys under the brand name 

Ventolin. Enantimers (C l7- R, S) differ in bioactivity. The R form is reported to be twice as active 

as the racemic mixture (Sjosward at all 2004).

(R ) (S)

Figure 1.7. Chemical structure o f  (R,S)-salbutamol.

Salbutamol was reported to have am photeric characteristics by Imboden and Imanidis (1999). The 

pKas o f  salbutamol are 9.1 and 10.4. The decomposition o f  salbutamol as salbutamol sulphate was 

studied in the pH range 1.9-8.8 at 65°C by M alkki and Tam m ilehto (1990) and M alkki-Laine et al. 

(1995). Depending on the pH o f  the solution, one to four m ajor decomposition products were 

detected. The decomposition o f  salbutamol sulphate in aqueous solution followed first-order 

kinetics. The reaction rate increased with increasing initial drug concentration and elevated 

temperatures. The maximum stability o f  salbutamol in aqueous solution occurred at a pH o f  about 

3.5 (Hakes et al. 1980). The degradation products o f  salbutamol formed in aqueous solution were 

identified and structurally elucidated (M alkki-Laine and Bruins, 1994). Salbutamol can also 

undergo bim olecular reactions, which result in the formation o f  a range o f  dimers (Altria K.D., 

1993).

The chemical instability o f  salbutamol in pharmaceutical formulations (pressurised metered dose 

inhalers), containing ethanol as cosolvent, has also been reported (Tzou et al., 1997).
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2.1. Materials used in experiments

Material

acetic acid

acetone (AC) (analytical grade) 

acetonitrile

adipic acid (99%+ grade) 

chlorothiazide (CTZ)

deuterated dimethyl sulphoxide (DMSO-Dg) 

Dipac™

disodium hydrogen phosphate 

ethanol (EtOH) (H20<0.1%) 

ethyl acetate

formic acid (HPLC grade)

Hydranal-Composite™

hydrochloric acid 32% (extra pure)

hydrogen peroxide 30%

magnesium stearate

methanol (MeOH) (HPLC grade)

n-butyl acetate (BA)

nitric acid 69% (Aristar)

n-propanol

paraffin wax

phosphorus pentoxide desiccant 

potassium bromide (FT-IR grade) 

potassium hydroxide 

Purpald™ reagent 

salbutamol base 

sodium dihydrogen phosphate 

sodium hydroxide 

succinic acid (99%+ grade) 

water deionised (W)

Supplier Manufacturer

Riedel de Haen (Germany)

Corcoran Chemicals (Ireland)

Fischer Scientific (Ireland)

Sigma-Aldrich (Germany)

Sigma (Ireland)

Apollo Scientific Limited (UK)

Amstar Corp. U.S.A.

Riedel de Haen (Germany)

Corcoran Chemicals (Ireland)

Lab Scan (Ireland)

Sigma (Ireland)

Riedel de Haen (Germany)

Riedel de Haen (Germany)

Riedel de Haen (Germany)

Sigma Germany 

Sigma (Ireland)

Merck (Germany)

BDH (UK)

Lab Scan (Ireland)

BDH Laboratory Supplies Poole, England 

Fluka (Ireland)

Sigma (Ireland)

Merck (Germany) 

from Sigma (Ireland)

CHEMOS GmbH Germany 

Riedel de Haen (Germany)

Riedel de Haen (Germany)

Sigma-Aldrich Chemical Company (USA)

Purite Prestige Analyst HP, Millipore Elix 3 (UK)
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2.2. Methods 

2.2.1. Production of active pharmaceutical ingredients

2.2.1.1. Chlorothiazide sodium and potassium
Chlorothiazide sodium (CTZNa) and chlorothiazide potassium (CTZK) were prepared 

by mixing o f IM  NaOH or KOH aqueous solution with chlorothiazide powder (-1.2 M 

equivalence). The suspensions obtained were evaporated under forced air flow at 70 °C until dry, 

re-suspended at 70 °C in water, filtered through a 0.45 ^m membrane fiher and the filtrate was 

recrystallised by solvent evaporation at 70 °C, until dry. The 24 hours drying of powders in 70 °C 

resulted in white powder o f CTZNa hereafter referred to as CTZNa anhydrous form while CTZK 

powder was referred to as monohydrate form I.

2.2.1.1.1. Crystallization studies of CTZ CTZNa and CTZK
The crystals subsequently used for single crystal X-ray and other analyses were prepared from 

solutions. The solutions o f CTZ, CTZNa or CTZK were saturated for each solvent used. Saturation 

was obtained by introducing an excess o f raw material into the appropriate solvent at ambient 

conditions by shaking for an hour on a WhirliMixer® (Fisons Scientific Equipment). 10 ml 

o f the suspension obtained was filtered through a 0.22 |am membrane filter into a glass vial which 

was kept in a glove box (Clean Sphere CA 100, Safetech Limited) under constant nitrogen flow 

at room temperature (20-23 °C). The moisture content in this controlled environment was less than 

1% relative humidity. The dry nitrogen flow and temperature control were maintained to provide 

reproducible conditions o f solvent evaporation.

Compounds were crystallised by solvent evaporation. CTZ crystals were obtained by evaporation 

o f acetone or ethanol. CTZNa crystals were obtained by evaporation o f water or 1:1 acetone/water 

mixture or ethanol.

CTZK crystals were obtained by evaporation o f water or 1:1 acetone/water mixture (both referred 

to as form II) or ethanol (referred to as form IV). A desolvated form FV was obtained by additional 

drying o f crystals at 80 °C for 24 hours and this material is referred to as form V.

The anhydrous form III o f CTZK was prepared by additional diying in the thermogravimetric 

analyser (TGA) using the following temperature programme: 25 °C-180 °C-25 °C

with a heating/cooling rate o f 10 °C/min.

2.2.1.1.2. Preparation of chlorothiazide salts for tableting (Chapter 7)
Chlorothiazide sodium (CTZNa DH) and potassium (CTZK DH) dihydrates were obtained 

by vacuum evaporation o f the water from equimolar solutions o f respective hydroxide and
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chlorothiazide (Methods 2.2.1.1). Solutions were placed in a 250 ml round bottomed flask. The 

flask was attached to a Rotavapor R210 unit (Biichi) supplied with a heating bath B491 set to 

50 °C. Rotation was set to level 4. Vacuum controller V850 was set to 42 mbar. Negative pressure 

was generated by the vacuum pump V700. Solid residues were recovered from the evaporation 

vessel and subsequently dried in a glove box (Clean Sphere CA 100 by Safetech Limited) under 

constant nitrogen flow at room temperature (20 °C-23 °C) for three hours. The moisture content 

in the environment was controlled and was less than 1% relative humidity.

Anhydrous CTZNa was obtained as previously described (Methods 2.2.1.1.).

CTZK anhydrous form III, alternatively to method described (Methods 2.2.1.1.1.), was prepared 

by spray drying o f CTZKDH from water and secondary tray drying at 170 °C for 3 hours 

in an oven (Memert, Germany).

2.2.1.3. Salbutamol adipate and succinate
A stoichiometric mixture of salbutamol and adipic acid in a 1:1 molar ratio was dissolved 

in methanol at 0.05 g/ml concentration of solid at 25 °C. Methanol was evaporated under forced air 

flow at an evaporation rate 0.40 g/min (monitored using a balance every 5 min), whilst stirring. 

The white precipitate was filtered close to the end o f methanol evaporation. The precipitate was 

dried for an hour under constant air flow at 25 °C. The dry powder was subjected to elemental 

analysis and was determined to be salbutamol mono adipate (SA). It was obtained with a 95% 

yield.

A stoichiometric mixture of salbutamol and succinic acid in a 2:1 molar ratio was dissolved 

in methanol at 0.05 g/ml concentration o f solid at 25 °C. Methanol was evaporated under forced air 

flow at an evaporation rate o f 0.40 g/min (monitored using a balance every 5 min), whilst stirring. 

After nucleation o f the salt, the temperature was dropped to 20 °C and the evaporation rate 

of methanol was kept constant (0.40 g/min) until the concentration of solid in methanol reached 0.1 

g/ml. The white precipitate was filtered and dried at 25 °C. Elemental analysis of the white 

crystalline powder determined it to be salbutamol hemi-succinate tetramethanolate (SSU.MeOH). 

It was obtained with a 80% yield. Further drying o f the precipitate under constant air flow at 25 °C 

for 24 hr resulted in formation o f the desolvated salbutamol hemi-succinate (SSU).

2.2.1.3.1. Crystallization studies of salbutamol adipate and succinate
Attempts were made to crystallize salbutamol with adipic acid and succinic acid by solvent 

evaporation from ethanol, methanol and water. The tested molar ratios o f salbutamol to the acid 

were: 1:2, 1:1 and 2:1 for each solvent. It was observed that successful crystallization was achieved 

only for salbutamol mixed with adipic acid in the 1:1 molar ratio using methanol or water 

as the solvent and for salbutamol and succinic acid mixed in the 2:1 molar ratio using methanol

41



Chapter 2 Materials and Methods

(details o f the procedure are described below). Other combinations resulted, either in crystallization 

of one or two of the components separately or in the production o f a glassy/amorphous material.

The crystals subsequently used for single crystal X-ray and other analyses were prepared 

from saturated solutions, which were obtained by introducing an excess o f raw material 

into the appropriate solvent at ambient conditions and shaking for an hour on a WhirliMixer® 

(Fisons Scientific Equipment). 10 ml o f the suspension obtained was filtered through a 0.22 (xm 

membrane filter into a glass vial which was kept in a glove box (Clean Sphere CA 100, Safetech 

Limited) under constant nitrogen flow at room temperature (20-23 °C). The moisture content in this 

controlled environment was less than 1% relative humidity.

Dry nitrogen flow and temperature control were provided to maintain reproducible 

conditions of solvent evaporation. Crystallization o f SA from methanol resulted each time in a very 

rapid nucleation of the crystals. Modification o f the environmental conditions, including slowing 

down the evaporation rate o f methanol and decreasing the temperature, did not retard the crystal 

growth. Very small crystals with crystal defects (inclusions) were not o f sufficiently good quality 

to be analyzed by single crystal X-ray analysis. A change o f the solvent to water resulted in slow 

crystal growth and good quality crystals of SA, with a PXRD pattern consistent with that obtained 

for crystals produced from methanol, hence the SA crystals obtained from water were later used 

for single crystal X-ray analysis.

2.2.2. Spray drying

2.2.2.1. Spray drying of chlorothiazide and CTZ salts
Spray drying was performed using a Biichi B-290 Mini Spray Dryer. An inert loop Biichi 

B-295 (for organic solvents) and additionally a dehumidifier Buchi B-296 (for water/organic 

solvent mixtures) were used for the closed mode operation. The spray dryer, depending 

on the sample, was used in a closed mode with recirculation o f nitrogen as the drying and nozzle 

gas or as an open system with nitrogen (open, suction mode) or in a mixed mode where compressed 

nitrogen was used to atomise the solution but air was used as the drying gas (open, blowing mode). 

The drying gas in the open mode, in contrast to the closed mode, was not recirculated. The blowing 

open mode was employed as it resembles the typical gas flow layout used in larger scale equipment 

(Masters, 2002).

A standard atomization nozzle with a 1.5 mm cap and 0.7 mm tip was employed 

for all processing. The drying gas pressure o f 6 bar at 4 cm gas flow (rotameter setting), equivalent 

to 473 norm litres per hour (nL/h) o f gas flow in normal conditions (p=1013.25 mbar and T=273.15 

K) (Biichi 93001 en.). The nozzle pressure drop was measured to be 0.41 bar. The pump speed was
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set to 30% (9-10 ml/min) and the aspirator was operated at 100%. Other conditions varied 

depending on the system spray dried and are summarised in Tables 5.2, 6.1.

Additional, secondary drying (AD) was performed using the same temperature as that 

of the outlet spray drying temperature for 12 hours for samples #6.19 and #6.20 (with the samples 

exposed to AD later referred to as #6.19* and #6.20*). Batches o f 20-30 g o f the spray dried 

material were placed between two 0.032 mm aperture, 20 cm diameter sieves and placed 

in an incubator with forced air flow (Gallencamp Economy Incubator with fan). The environmental 

humidity in the laboratory was monitored using Testo™ 175-Hl Logger humidity and temperature 

control system.

2.2.3. Preparation of powders for tableting
Dipac™ and chlorothiazide raw material (CTZ) were used for tableting as supplied. Spray 

dried materials (produced as described in Section 2.2.2.1) were additionally tray dried in the oven 

(Memert, Germany) for 12 hours at 100 °C, until the mass loss by thermogravimetric analysis 

(TGA) was lower than 1% in the temperature range o f 25-150 °C at heating rate o f 10 °C/min.

The particle size o f other materials was reduced using a mortar and pestle.

43



Chapter 2 Materials and Methods

2.2.4. Tableting
Tablets (n=10) were compressed using an experimental, laboratory scale tablet press 

MTCM 1 from GlobePharma (USA) supplied with Enerpac (USA) single-acting general purpose 

cylinder oil press working in the range from 0-700 bar (max. 5 tons, 45 kN), Enerpac AC RC53 

piston and standard concave 10 mm diameter punch and die tooling. The die was loaded manually 

with a known weight (Sartorius BP121S balance) o f  the powder (250 mg) and compressed 

in the range from 20 to 200 bars. Pressure was released immediately after reaching the desired 

compression force. Tablets were pushed out o f  the die using the upper punch. To lubricate 

the tablet press tooling die and upper punch were dusted using a paint brush with magnesium 

stearate.

In order to assess if  materials do not undergo solid state transformation upon compression, 

samples o f  materials (250 mg) were subjected to compression in Perkin Elmer hydraulic press 

under 10 tons load for 1 minute. Formed discs (10 mm diameter) were subjected to PXRD analysis, 

then ground in an agate mortar and tested again using PXRD. None o f the tested materials 

indicated a surface and/or bulk solid state change in comparison to the starting powder (data not 

shown).

2.2.4.I. Measurement and calculation of tablet geometry parameters
The height (H), diameter (2ri) and the band thickness (h2) o f  the tablets (Fig. 2.1.) were 

recorded (n=10) using an electronic outside micrometer IP 54 form RS (0-25 mm ±0.001 mm) 

equipped with ABS- anti crushing system.

This allowed for calculation o f  the surface area o f  the tablet (At) (Eqn. 2.1) (Ford et al., 1991).

Measured geometric parameters o f  the tablet allowed for calculation o f  the volume 

o f  the tablet (V,) using equation 2.2 (Cobby et al., 1974).

V ^  /

Eqn. 2.1.

Eqn. 2.2.
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2.2.4.2. Hardness test, calculation of tensile strength (at) of the tablet

A set of ten tablets, was subjected to radial hardness testing using Dr. Schleuniger, 

Pharmatron, Model 6D tablet tester. Fracture load (shear strength under compressive load) (P) [N] 

was recorded for each tablet (n=10). It was monitored if the tablet capped under applied force, 

or if the breakage of the tablet occurred otherwise than in vertical radial cross section.

Tensile strength of the materials (ot) was calculated using empirical model introduced 

by Pitt et al. in 1989 and expanded by Es-Saheb in 1996 for convex tablets (Eqn. 2.3).

l O P
<T, = ------ ^ ■ 1 /U4r,̂

^2MH 0 .126// 3.15/z,
 +  ^  +  0.01

V 2̂ 1 2r, ^
Eqn. 2.3.

2.2.4.3. Tablet porosity (St)

Tablet porosity was calculated as a function of true density of the compacted material (do) 

and density of the tablet calculated after compaction (d,), equation 2.4.

lOOi/,
= 1 0 0 ----------------   Eqn. 2.4.

^ 0

2.2 .5. Thermal methods

2.2.5.I. Differential scanning calorimetry (DSC)

DSC experiments were performed in triplicate using a Mettler Toledo DSC 821® 

(Switzerland) with a reft'igerated cooling system LabPlant RP-100. Nitrogen was used as the purge 

gas. Aluminium sample holders were sealed with a lid and pierced to provide three vent holes. 

Sample volume was sufficient to provide proper contact between the powder and the bottom 

of the pan, and sample weight was >5 mg. DSC measurements were carried out at a heating/cooling 

rate of 10 “C/min (Tajber et al., 2005). The DSC system was controlled by Mettler Toledo STAR® 

software (version 6.10) working on a Windows NT operating system. The unit was calibrated 

with indium and zinc standards.

2.2.5.2. Temperature modulated differential scanning calorimetry (MT- 

DSC StepScan™)

A PerkinElmer (USA), Diamond DSC unit with HyperDSC was implemented to detect 

glass transition temperatures of amorphous systems (Holubova et al., 2005). The unit was 

reft’igerated using an ULSP B.V. 130 (Netherlands) cooling system and operated under a nitrogen 

flow of 40 ml/min. The gas flow was controlled using a PerkinElmer Thermal Analysis Gas Station 

(TAGS). Samples were heated at 5°C/min and 2 °C steps. Between each of the dynamic steps a 1
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minute isothermal step was applied. The area algorithm was applied to calculate 

the specific heat o f glass transition from the enthalpy tlow. A baseline run was performed for each 

sample to minimise sample holder mass error. Samples were tested in 18 |j L aluminium holders 

sealed with pierced lid to provide three vent holes. Sample volume was sufficient to provide proper 

contact between powder and a pan bottom, never less than 5 mg. The unit was calibrated 

with indium and zinc standards. Presented results are the average o f triplicate analyses.

2.2.S.3. Thermogravimetric analysis (TGA)
TGA was performed using a Mettler TG 50 (Switzerland) module linked to a Mettler MTS 

balance. Samples were placed into open aluminium pans (5-12 mg). A heating rate o f 10 °C/min 

was implemented in all measurements (Tajber et al., 2005). Analysis was carried out in the furnace 

under nitrogen purge and monitored by Mettler Toledo STAR® software (version 6.10) 

with a Windows NT operating system. Presented results are the average o f triplicate analyses.

2.2.6. Density measurement

2.2.6.1. Density measurement by helium pycnometry
The true density was measured by AccuPyc 1330 Pycnometer MicromeriticsTM using 

helium (99.995% purity) to determine the volume of the sample. A 1 cm^ sample holder was used. 

The instrument was calibrated immediately before performing the analysis at room temperature. 

Each sample was analysed in triplicate and averaged results are presented in this thesis.

All the samples unless stated otherwise, were dried for at least 12 hours prior to analysis 

using a vacuum oven (Gallencamp, UK) operated at 30 °C and -600 mbar pressure. Crystals 

o f CTZNa dihydrate where dried in a glove box (Clean Sphere CA 100 by Safetech Limited) under 

constant nitrogen flow at room temperature (20-23 °C) for three hours. The moisture content 

in the environment was controlled and was less than 1% relative humidity.

2.2.7. X-ray crystallography

2.2.7.1. Powder X-ray diffraction (PXRD)
Powder XRD analysis was conducted using a Miniflex II Desktop X-ray diffractometer 

Rigaku with Ilaskris cooling unit. The tube output voltage used was 30 kV and tube output current 

was 15 mA. A Cu-tube with Ni-filter suppressing Kp radiation was used. Measurements were taken 

from 5 to 40 on the 2 theta scale at a step size of 0.05° per second in each case (Tajber at al., 2009). 

Scans were performed at room temperature.
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2.2.T.2. Single crystal X-ray diffraction (SC-XRD)
Cambridge Crystallographic Data Centre contains the supplementary crystallographic data 

for this thesis: CCDC 757605 (CTZNa dihydrate), CCDC 761198 (CTZK dihydrate), 761199  

(CTZK monohydrate hemiethanolate), CCDC 801059 (SA ) and 801060 (SSU.M eO H ).

The data can be obtained free o f  charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam .ac.uk/data_request/cif.

2.2.7.2.1. Chlorthiazide sodium and potassium
Single crystal XRD data was collected on a Rigaku Saturn 724 CCD diffractometer. 

Suitable crystals were selected and mounted using inert oil on a 0.30 mm quartz fibre tip and 

immediately placed on the goniom eter head in a 150K nitrogen gas stream. Each data set was 

collected using Crystalclear-SM 1.4.0 software and 1680 diffraction images, o f  0.5° per image, 

were recorded. Data integrations, reductions and corrections for absorption and polarization effects 

were all performed using Crystalclear-SM 1.4.0 software. Space group determinations, structure 

solutions and refinements were obtained using Ciystalstructure ver. 3.8 and Bruker Shelxtl 

ver. 6.14 software. To evaluate the data. Mercury 2.2 software was used (B lessing, 1995).

1.1.1.1.1. Salbutamol adipate and succinate
X-ray diffraction measurements were made on a Bruker APEX II DUO  diffractometer 

using graphite monochromatized MoK« radiation (A, =  0 .7107 A ) and an Oxford Cryosystem s 

COBRA fitted with a N 2 generator. A ll calculations w ere made using the APEX2 software 

(APEX2 v2009.3-0, Bruker A X S, 2009; Sheldrick, 2008) and the diagrams prepared using Mercury 

(Macrae et al., 2008).

2.2.8. Elemental analysis
Elemental analysis w as carried out using an Exeter A nalytical CE440 CHN analyser. 

The molar amount o f  carbon as carbon dioxide, nitrogen, as nitrogen oxide and hydrogen as water, 

was determined by oxidation o f  the sample (n=3, around 10 m g) and the thermal conductivity  

analysis o f  obtained gases and water vapour.
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2.2.9. Nuclear magnetic resonance (^HNMR, *^CNMR)
A Bruker Avance 400 NMR with 4-nucleus ('H , '^C, ^'P and '^F) probe was used for NMR 

studies. Deuterated DMSO-D6 was used to prepare the samples. Sample concentration was 

in the range 20-40 mg/ml. Spectrometer frequency was 400 MHz with an acquisition time of 2s. 

The number o f scans was appropriate to gain good quality spectra. Standard Pulse Sequence 

supplied by Bruker was used for 'H, '^C and 2-dimensional experiments.

Appendix II contains supplementary NM R spectra.

2.2.10. Microscopy

2.2.10.1. Scanning electron microscopy (SEM)
SEM analysis was performed using a Hitachi S-3500N variable pressure scarming electron 

microscope, Tescan Mira Variable Pressure Field Emission Scanning Electron Microscope and 

Zeiss Supra Variable Pressure Field Emission Scanning Electron Microscope. The resolution was 3 

nm at 30 kV, accelerating voltage was 5 kV and the detector was secondary electron. Samples were 

glued onto aluminium stubs and sputter-coated with gold under vacuum prior to analysis.

2.2.11. Solid state Fourier transform infrared spectroscopy (FTIR)
Infrared spectra were recorded in duplicate on a Nicolet Magna IR 560 E.S.P. 

spectrophotometer equipped with MCT/A detector, working under Omnic software version 4.1. 

A spectral range o f 650-4000 cm"', resolution 2 cm ' and accumulation of 64 scans were used 

in order to obtain good quality spectra. A KBr disk method was used with a 0.5-1% sample 

loading. KBr disks were prepared by direct compression under 8 bar pressure for 1 minute 

(Healy et al., 2008). The sample preparation did not affect the spectra as confirmed with 

an attenuated total reflectance (ATR) spectrometer (data not shown).

2.2.12. Karl Fischer titrimetry - water assay
0.5 g o f CTZNa or CTZK sample (n=3) was dissolved in pre-titrated 50 ml o f methanol. 

As Karl-Fischer reaction is not stoichiometric in alkaline solutions (Scholz, 1987), the pH was 

adjusted with 50 ^1 o f 32%> hydrochloric acid. Metrohm 841 Titrando was used for titration 

and the unit was calibrated with 20 |xl o f water. The results were averaged.

2.2.13. Ethanol and acetone assays

2.2.13.1. Gas chromatography -  mass spectrometry (GC-MS)
A known weight o f each sample (n=3) was placed in a headspace vial to which 1 ml 

o f deionised water was added. The vials were sealed. The vials were then heated and agitated 

at 80 °C for 10 minutes in a headspace auto-sampler where the volatile organics in the samples
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were driven into the headspace o f the vial (the air above the sample). 1 ml o f  the headspace gas was 

then extracted by syringe from the vial and injected onto the GC-MS Varian Saturn 22700 column. 

The ethanol eluted at 8.1 min and acetone at 8.7 min. The column used for the analysis was a 

WCOT fiised Silica 60m x 0.32 mm ID coating CP-SELECT 624 CB DF=1.8.

2.2.14. Methanol and butyl acetate assay

2.2.14.1. Gas chromatography with flame ionisation detector GC-FID
A GC-FID PerkinElmer Clarus 500 with auto sampler and Supelco SPB-GC column 

(60m X 0.25 mm x 0.5^m, 35% phenyl 65% dimethyl polysiloxane filling) were used to detect 

the residual content o f  methanol and butyl acetate (EU Pharmacopeia, 2010) in the spray dried 

CTZNa and CTZK. Helium at 8 psi pressure was used as a carrier gas. The oven temperature was 

50 °C and the detector temperature was set to 325 °C. Both solvents were assayed based 

on individual calibration curves with internal standards included (ethyl acetate for butyl acetate 

and n-propanol for methanol). The injection volume was 1.0 îl and the retention times were 

the following: methanol: 3 min 57 s (±0.00 s), n-propanol: 4 min 34 s (±0.01 s), butyl acetate: 

12 min 50 s (±0.01 s) and ethyl acetate: 5 min 00 s (±0.00 s). The total duration o f  the method was 

20 min. Samples (n=3) were prepared by dissolving between 100 mg and 500 mg o f  the tested 

powder in 10 ml o f  water, depending on the expected residual solvent content. The solubility 

o f butyl acetate and ethyl acetate in water was reported to be 0.7 g/100 ml and 8.3 g/100 ml 

(Flick, 1998), respectively, and was well above the expected concentrations o f the solvents 

in water.

2.2.15. Sodium and potassium assays

2.2.15.1. Inductively coupled plasma-mass spectrometry (ICP-MS)
Known weights o f  the samples (n=3) were placed in separate digestion vessels. 7 ml 

o f 69% HNO3 and 1 ml o f  30% H2O2 were then added to each sample. The vessels were sealed 

and placed in a microwave digester where they were heated to 200 °C at 1000 W and held 

for 20 minutes at these conditions. The samples were then made up to a final volume o f  50 ml 

with deionised water. This digest was then analysed by ICP-MS Varian 820, to measure the levels 

o f sodium and potassium. Certified calibration standards were used to calibrate the ICP-MS 

and the samples were diluted where necessary to bring them into the range o f  the calibration curve.
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2.2.16. High performance liquid chromatography (HPLC) 

2.2.16.1. Decomposition of CTZ, CTZNa and CTZK
Decomposition o f  CTZ, CTZNa and CTZK was determined with a high performance liquid 

chromatography (HPLC) using a method modified from Ulvi and Keski-Hynnila (1994). 

The HPLC system used was a Shimadzu HPLC Class VP series with a LC-IOAT VP pump, 

SIL-IOAD VP autosampler and SCL-IOAVP system controller. The mobile phase was filtered 

through a 0.45 |xm membrane filter (Gelman Supor-450, USA ) The analytical column used was 

a Waters Spherisorb™ 0 D S 2  column (250 mm length, internal diameter 4.6 mm, particle size 

5 ^m). UV detection was carried out at a wavelength o f  260 nm and the injection volume was 

10 jil. Separation o f degradation products was carried out isocratically at ambient temperatures 

with a flow rate o f  1 ml/min. The mobile phase consisted o f O.IM NaH2P0 4  phosphate 

buffer/acetonitrile 10:1 (v/v) brought to pH 3.0±0.1 with phosphoric acid. Under these conditions 

the retention times o f  chlorothiazide (CTZ) was ~12. Samples were analysed in triplicate.

2.2.16.2. Detection of adipic and succinic acid in aqueous solution
The content o f  adipic and succinic acids in SA and SSU aliquots was determined with 

a high pressure liquid chromatography (HPLC). The HPLC system used was a Shimadzu HPLC 

Class VP series with a LC-IOAT VP pump, autosampler SIL-IOAD VP and SCL-IOAVP system 

controller. The mobile phase was filtered through a 0.45 )j.m membrane filter (Gelman Supor-450, 

USA) before use. The HPLC method used for the analysis o f  the dicarboxylic acids was modified 

from Ziegler (1998) and Kordis-Krapez et al. (2001). The analytical column used was a LiChrosorb 

RP-10 column (250 mm length, internal diameter 4 mm, particle size 10 |o.m). UV detection was 

carried out at a wavelength o f  210 nm and the injection volume was 20 |j,l.

Separation o f adipic acid was carried out isocratically at ambient temperatures with a flow  

rate o f  1 ml/min. The mobile phase consisted o f methanol:phosphoric acid solution (pH 2.1) 20:80 

(v/v).

Separation o f  succinic acid was carried out using a gradient method with a flow rate o f  

1 ml/min. The mobile phase consisted o f  two eluents: (A) phosphoric acid solution (pH 2.1) 

and (B) methanol:phosphoric acid solution (pH 2.1) 20:80 (v/v). The following gradient was used: 

a linear gradient from 0 to 50% B over 7 min, then a linear gradient from 50 to 100% B over 

1 min and this composition was maintained for 7 min. Then again a linear gradient from 100 to 0% 

B over 10 min was applied and the final mobile phase composition was continued for a further 

5 min. Under these conditions the retention times o f  adipic acid and succinic were 4.3 and 6.5 min, 

respectively.
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2.2.17. Aldehyde detection
Purpald® (4-amino-3-hydrazino-5-mercapto-l,2,4-triazole) was used as a reagent 

for the selective detection o f aldehydes (Quesenberry and Lee, 1996). 10 mg o f powder was added 

to approximately 20 mg o f Purpald® dissolved in 2 ml o f IM  NaOH. The mixture was aerated 

and the colour noted after a few minutes. The change o f colour from yellow to purple indicates 

the presence o f aldehyde in the tested solution. The samples in duplicate were compared against 

a reference solution containing dissolved Purpald reagent and CTZNa anhydrous material (negative 

control).

2.2.18. Particle size characterisation

2.2.18.1. Particle size characterisation by laser diffraction
Measurements o f particle size and particle size distributions were obtained using a laser 

diffraction particle sizer Mastersizer 2000 (Malvern Instruments, UK). Particles were dispersed 

using a Scirocco dry feeder instrument with 2 bar pressure. An obscuration rate of 0.5-6% was 

obtained under a vibration feed rate o f 50%. Results reported are the average o f three analyses.

2.2.19. Specific surface area analysis ( T b e t )  by Brunauer, Emmett, Teller 

(BET) isotherm
Samples (n=3) were dried prior to analysis under nitrogen flow at 50 °C for 12 hours using 

a Gemini SmartPrep (USA) drying station. To determine the bulk specific surface area 

a Micromeritics Gemini VI (USA) surface area analyzer was used. Compressed nitrogen was used 

as an adsorptive gas. Each measurement consisted o f six steps, determining the amount of gas 

adsorbed at 6 relative pressure points in the range o f 0.05 to 0.3 of relative pressure P/Po 

with equilibration time of 10 s. Free space was determined separately for each sample using helium 

gas. Saturation pressure Po was determined prior to the measurement o f each sample.

2.2.20. Solubility studies

2.2.20.1. Solubility studies of CTZ in water and organic solvents (acetone, 

ethanol)
Solubility studies were carried out in a shaking water bath at 50 rpm, for 24 hours in 25 °C. 

Approximately a three-fold excess o f CTZ was loaded into 10 ml glass vials and suspended in 5 ml 

o f the solvent. Vials were sealed hermetically to prevent solvent evaporation. The suspensions were 

filtered through a 0.2 ^m membrane filter after 24 hours of equilibration and 1 ml samples (n=3) 

of the filtered solutions were evaporated at 80 °C under forced air flow until dry. TGA analysis 

(at 10 °C/min heating rate) was used to confirm the samples contained no residual moisture/solvent 

traces. The mass loss upon drying varied in the range o f 0.02 to 0.05%.
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2.2.20.2. Solubility of chlorothiazide, chlorothiazide sodium and 

potassium
For CTZ salts, powdered CTZNa or CTZK dihydrate was added in excess (approximately 

three times the expected saturated concentration) directly to water at 37 °C, shaken at 100 cpm 

and analysed after 5 min and every 10 min until 30 min. The concentrations obtained at the final 

three time points were the same and were averaged to give the saturated stoichiometric solubility 

(Anderson and Flora, 1996). All alkali solutions of CTZNa were analysed within one hour, 

as within this time frame alkaline decomposition of the compound is insignificant (Chamicki et al., 

1959).

For CTZ, excess of CTZ powder (approximately three times of the expected saturated 

concentration) was suspended in 10 ml of water in a 20 ml volumetric flask. The suspension 

of chlorothiazide was shaken at 70 cpm at 37 °C for 24 hours.

Suspensions were filtered through a 0.45 |xm membrane filter. In the case of CTZNa 

or CTZK, the excess of material recovered after 30 minutes was analysed using DSC and PXRD. 

Analysis confirmed the residue of material to be CTZNa or CTZK dihydrate with no traces of pure 

CTZ precipitation (data not shown). The pH of the aqueous saturated solutions was measured using 

a Thermo Orion 420+ pH-meter.

The quantity of CTZ and CTZNa or CTZK dissolved in water was assayed by UV 

spectrophotometry at 292 nm (Shimadzu UV-1700 Pharmaspec). CTZ aliquots were diluted with 

O.IM NaOH and water was used to dilute CTZNa or CTZK samples to obtain the appropriate 

concentration range.

2.2.20.3. Solubility of salbutamol, salbutamol adipate and salbutamol 

succinate
Powdered SA, SSU and SB were added in excess (approximately three times the expected 

saturated concentration of salbutamol) directly to 2 ml of water in an Eppendorf vial at 37 °C 

(Fadda et al., 2010). Additionally, the SA powder was suspended in a NaOH solution to investigate 

its solubility at a pH value other than that measured for the sample in pure water. The Eppendorfs 

were placed horizontally in a water bath and shaken at 100 cpm. Suspensions were filtered through 

a 0.22 (j,m membrane filter. The content of salbutamol in the saturated solutions was assayed 

by UV spectrophotometry at 276 nm (Shimadzu UV 1700 Pharmaspec). SB, SA and SSU aliquots 

were diluted with water to obtain the appropriate concentration range. Samples were withdrawn 

and analysed after 10, 11 and 12 hours and as equilibrium appeared to be reached after 10 hours, 

the values were averaged over these three time points. The content of adipic and succinic acids 

in SA and SSU aliquots was determined with a high pressure liquid chromatography (HPLC) 

(Methods 2.2.16.1.2.)

52



Chapter 2 Materials and Methods

2.2.21. Intrinsic dissolution rate studies of salbutamol salts
Discs o f SS, SSU and SA were prepared by compressing 300 mg o f the given material 

in an IR hydraulic press (PerkinElmer, UK). The 13 mm diameter discs had a 1.33 cm^ top surface 

area. The bottom and side surfaces o f the discs were coated with paraffin wax and mounted 

in the centre of the bottom of a standard dissolution vessel (Healy and Corrigan, 1996). Each 

dissolution experiment was performed in triplicate, as long as the dissolving disc kept a visibly 

constant surface area.

Intrinsic dissolution studies were performed with a type 2 dissolution test apparatus 

(VanKel VK7000 dissolution test station) equipped with VK650 heater/circulator) (European 

Pharmacopoeia, 2010). The rotation speed o f the paddle was set to 100 rpm. 900 ml of deionised, 

degassed water was used as the dissolution medium, equilibrated at 37 °C. To sample 

the dissolution medium a standard dissolution vessel was equipped with a medium recirculation 

system. The dissolution medium was constantly circulating using a LSMatec peristaltic pump fitted 

with a 10 |jm filter through a 2 mm flow-through UV cuvette placed in a Cecil CE2020 

UV-spectrophotometer set to 276 nm (Nocent et al., 2001). The rate o f medium circulation was set 

to 25 ml/min and the pH of the aqueous medium was monitored using a Thermo Orion 420+ 

pH-meter.

2.2.22. Dissolution studies of tablets containing chlorothiazide and its 
salts

Dissolution studies were performed with a type 2 dissolution test apparatus (VanKel 

VK7000 dissolution test station) equipped with VK650 heater/circulator) (European 

Pharmacopoeia, 2010). The rotation speed of the paddle was set to 50 rpm. 900 ml of, degassed 

phosphate buffer pH 6.8 (European Pharmacopeia 2010) was used as the dissolution medium, 

equilibrated at 37 °C. To sample the dissolution medium a standard dissolution vessel was 

equipped with a medium recirculation system. The dissolution medium was constantly circulating 

using a LSMatec peristaltic pump fitted with a 10 |im filter through a 2 mm flow-through UV 

cuvette placed in a Cecil CE2020 UV-spectrophotometer set to 265 nm. The rate of medium 

circulation was set to 25 ml/min.
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2.2.23. Water vapour sorption analysis of pharmaceutical solids

2.2.23.1. Dynamic vapour sorption (DVS)
Vapour sorption experiments were performed on a DVS Advantage-1 automated 

gravimetric vapour sorption analyzer (Surface Measurement Systems Ltd., London, UK). 

The DVS-1 measures the uptake and loss of water vapour gravimetrically with a mass resolution 

of ± 0.1 |ig. The temperature was maintained constant at 25.0 ± 0.1 °C. A mass of around 10 mg 

of powder was loaded into a sample net basket and placed in the system. The samples were 

equilibrated at 0% of relative humidity (RH) until dry, reference mass was recorded. The samples 

were exposed to the following % of RH profile: 0 to 90% in 10% steps and the same for desorption. 

At each stage, the sample mass was equilibrated (dm/dt < 0.002 mg/min for at least 10 min) before 

the change of relative humidity. An isotherm was calculated from the complete sorption 

and desorption profile. Amount of water was expressed as a percentage of the dehydrated 

chlorothiazide sodium (reference mass).

2.2.23.2. Detection of critical relative humidity of recrystallisation of 

amorphous solids
Vapour sorption experiments were performed on a DVS Advantage-1 automated 

gravimetric vapour sorption analyzer (Surface Measurement Systems Ltd., London, UK). 

The DVS-1 measures the uptake and loss of water vapour gravimetrically with a mass resolution 

of ± 0.1 ^g. The temperature was maintained constant at 25.0 ± 0.1 °C. A mass of around 10 mg 

of amorphous powder was loaded into a sample net basket and placed in the system. The samples 

were equilibrated at 0% of relative humidity (RH) until a dry, reference mass was recorded. 

The samples were exposed to the sorption programmes ranging from 0 to 90% RH at the following 

%RH rate changes: 2.5% RH per hour (2.5 ARH%/h), 5 ARH%/h, 7.5 ARH%/h and 10 ARH%/h). 

An isotherm was calculated from the complete sorption profile. Amount of sorbed water was 

expressed as a percentage of the dry mass. Recrystallisation of the material was indicated 

by the points of inflection. %RH of recrystallisation were then plotted versus ARH%/h and linearly 

extrapolated to 0 ARH%/h (Burnett et al., 2004).

2.2.24. Solid state stability studies
Amorphous, spray dried samples of CTZNa and CTZK were subjected to stability studies 

in desiccated conditions over phosphorus pentoxide at 25 °C (Gallencamp Economy Incubator 

with fan). Samples were characterised on a monthly basis using PXRD, DSC and HPLC assay.
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2.2.25. Statistical analysis
Statistical analysis was carried out using Minitab™ statistical software, version 14 (Minitab 

Inc, USA). Two sample t-tests were used to compare the means (n=3 or more) and standard 

deviations of two independent samples. The test was carried out at a significance level o f 0.05, 

with a p-value less than 0.05 taken as indicating that the observed difference between the means 

was statistically significant, i.e. rejecting the null hypothesis.

2.2.26. Data analysis
The following software was implemented to analyse the data: Omnic 4.1™ - FTIR spectra 

analysis with baseline auto correction, Chem Sketch™ freeware - to calculate theoretical element 

contributions for elemental analysis and theoretical element contributions for elemental analysis 

and partial polarizability volumes (Gad et al., 2008).TopSpin 2.1™ - to evaluate 'HNMR and 

'^CNMR results.

The crystallographic data was analysed in detail using Ortep-3 (Faruggia, 1997) and Platon (Spek, 

2003) software whereas the program Crystal Explorer 2.1 (McKinnon et al., 2004) was used to 

visualise and analyse Hirshfeld surfaces o f molecules (Hirshfeld, 1977). The enhancement factor of 

100% was used in all fingerprint plots to improve visualisation o f interactions.
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Chapter 3 Results and discussion

3.1. Introduction

There is considerable interest in the impact o f  solid state physicochemical properties 

o f  drugs on their biopharmaceutical properties. Thus, for example, the fraction o f a drug absorbed 

has been correlated with its solubility and with the inverse o f the drug’s m elting point 

(Chu, Yalkowsky, 2009). Consequently, drug bioavailability m ay be improved by the preparation 

o f  lower melting point polymorphs, co-crystals, solvates o f  the drug (Stahly, 2007) or alternatively 

by preparing a more soluble salt form (Berge et al., 1977).

Chlorothiazide (CTZ), 6-chloro-4H -l,2,4-benzothiadiazine-7-sulfonam ide 1,1-dioxide 

(Beyer, 1982), with a m olecular formula C7H6CIN3O 4S2, is a thiazide diuretic which is 

administered orally in the crystalline form as tablets or as an oral suspension (Brunton et al., 1996). 

Chlorothiazide is classified in class IV o f  the Biopharm aceutics Drug Classification System (BCS) 

(Amidon et al., 1995 and Taub et al., 2002), indicative o f  its low solubility and low permeability. 

It is very slightly soluble in water, poorly soluble in acetone, ethanol and methanol but readily 

soluble in aqueous alkali solutions, which is as a resuh o f its acidic properties, allowing sah 

formation (European Pharmacopoeia, 2010). CTZ has a particularly high melting point (-3 5 0  °C 

with degradation), one o f the highest for a molecular crystalline drug adm inistered to man and it 

exhibits incomplete absorption following oral adm inistration (Chu, Yalkowsky, 2009). 

The bioavailability o f CTZ, administrated to three healthy volunteers, was found to decrease from 

33% to 6 % as the dose increased from 0.21 to 1.75 g (Corrigan, O ’Driscoll, 1980). Considering the 

drug’s poor physicochemical profile, it is considered advantageous to prepare a more soluble form, 

which may have a lower melting point.

The first report o f X-ray crystallographic studies on CTZ was published by Dupont 

and Dideberg in 1970, while the crystal structure o f  CTZ was first solved and presented 

by Shankland and co-workers (1997). The structure o f  CTZ was subsequently confirmed 

by the jo in t use o f  powder neutron diffraction and powder X-ray diffraction (synchrotron) 

techniques (Leech et al., 2008). A  good overview o f  CTZ physicochem ical properties is contained 

in the European Pharmacopoeia (2010). Furthermore, Oswald and co-workers recently described 

the formation o f  CTZ Form II, a new polymorph created by applying high pressure to the crystals 

o f  Form I, the only known polymorph o f  CTZ recrystallised at am bient conditions (Oswald et al., 

2010). Unfortunately, CTZ Form  II converts into the Form I at am bient pressure and any 

pharmaceutical advantages o f  CTZ Form II were not determined.

In contrast, there appears to be no published reports on the crystal structure and the solid 

state characteristics o f a sodium salt form o f  chlorothiazide in spite o f  its wide use as an injectable 

(parenteral) form o f  the drug as an intravenous solution. The soluble injection, to be reconstituted 

before use, is described as 6-chloro-2H-l,2,4-benzothiadiazine-7-sulfonam ide 1,1-dioxide 

monosodium salt, with a m olecular weight o f  317.71 amu (empirical formula C7H 5ClN3N a0 4 S2), 

a sterile lyophilized white powder containing mannitol as an inactive ingredient (Hankins et al.,
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2001). This is available in the USA, marketed as Diuril Sodium®. The crystal and solid state 

profiles o f this form o f CTZ are unknown despite the apparent clinical and formulation benefits 

o f the salt. Therefore the objective o f this work was to prepare a crystalline sodium salt 

o f chlorothiazide, determine its crystal structure and physicochemical properties and compare them 

to those o f chlorothiazide with the aim o f presenting comprehensive information on the solid state 

characteristics o f the salt form.
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3.2. Results and discussion 

3.2.1. Crystal structure

Chlorothiazide sodium (CTZNa) crystallised from water, 1:1 water/acetone mixture 

and ethanol resulted in the same crystal and m olecular structure, as determined by single crystal 

XRD studies. The Ortep view  o f  CTZNa is presented in Figure 3.1. The crystal structure o f  CTZNa 

determined in this work is triclinic and the crystal space group type is P-1. A  summary o f  the key 

crystallographic information for CTZNa is given in Table 3.1.

Fig. 3.1.  Ortep diagram of: a) chlorothiazide sodium and b) chlorothiazide (with ellipsoids at 50%  

probability level).

In comparison to CTZNa, the crystal structure o f  CTZ is triclinic with the crystal space 

group type o f  PI as presented by Shankland (1997) and Leech (2008). The CTZNa unit cell 

com prises two chlorothiazide m olecules bonded together with sodium cations through water 

bridges. The coordinate centre consists o f  the fo llow ing sequence: 

(C T Z )3(H 20)N a(H 20)2N a(H 20)(C T Z )3 (Fig. 3.2). Additionally, som e m olecules o f  water 

0 (7 )  were found on two opposite planes o f  the crystal cell; these are non-coordinated and most 

likely o f  an interstitial type, trapped in the void o f  the crystal cell.

The polym eric-like chains including sodium cations are built from distorted [N a (l)-0 (6 )]  

fragments forming a distorted octahedral unit stretching along the b-axis. Every asymmetric unit 

o f  the sodium linkage consists o f  tw o sodium cations each coordinating six  oxygen atoms. Each 

o f  the sodium cations coordinates three m olecules o f  chlorothiazide through a SO 2 group. Two 

CTZ m olecules are bridged to each sodium(I) through an oxygen atom o f  the SO 2 group attached 

to the benzene ring. The third chlorothiazide m olecule is bridged to the sodium cation through 

the oxygen o f  SO 2 belonging to the heterocyclic ring. The second SO 2 o f  this CTZ m olecule  

attached to the benzene ring connects with a second layer o f  the polym eric structure (Fig. 3.2).

H4
CI1 o

N al
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The distance between the two sodium cations sharing water molecules is 3.46A (determined using 

the “measurement distance” tool in the Mercury software) and that between two sodium cations 

linked via the SO2 group is significantly longer at 5.73A.

Siiiphonyl group  of 
he to tocyclic  ling of C \2

O xygon 
of w aio i

Sulphonyl g ioup  ^ 0 5  o fw a t* i 
o f b enzono  ilng  of CTZ

Sulphonyl g ioup  
of bonzoiift ring of CTZ

^  S u lphonyl group
of b o n zo n e  ring of CTZ

N al O xygen
S o d lu ir i^  of w a to i

S ulphonyl group 
of bo n ze n o  ring of CTZ

O xygen 
o f w a te r

Sulphonyl g io u p  of 
h e te io c y d k  iln g  of CTZ

a) b)

7 / 7

c) d)

Fig. 3.2. Crystal structure of chlorothiazide sodium dihydrate: a) coordinates of the sodium cations, 

b) crystal cell structure packing along a axis, c) crystal cell structure packing along b axis, d) 

crystal cell structure packing along c axis. Atom colours; carbon: grey, nitrogen: blue hydrogen: 

white, oxygen: red, sulphur: yellow, chlorine: green, sodium: violet.

The parallelogram formed by the two sodium cations and two water molecules (Fig. 3.2) 

can be characterised by the bond lengths of 2.44A and 2.34A between Na(l) and 0(6) and angles: 

[Na(l)-0(6)-Na(l)] of 92.7° and [0(6)-Na( 1 )-0(6)] of 87.3°. One of the two distances between 

the sodium cation and oxygen of SO2 bonded to the benzene ring is 2.47A and the other is 2.36A,
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which is the same as the distance formed between the same sodium cation and the heterocyclic SO 2 

group.

Som e o f  the bond distances are different for CTZNa compared to CTZ, reflecting the 

different neighbourhood around the chem ical groups and their engagem ent in different types 

o f  bonds. A shortening o f  the [S (l) -N (l) ]  (1 .613(5)A  in CTZ to 1.584(5)A  in CTZNa) bond is 

observed, consistent with the disappearance o f  H-bonds formed in CTZ by the primary 

sulphonamide group.

Table 3.1. Crystal data and structure refinements for chlorothiazide sodium.

Analysis parameters Chlorothiazide sodium dihydrate
Identification code Shelxl
Empirical formula Ci4HioCl2N6Na20i4S4
Formula weight 731.40
Temperature 150K
W avelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions
a  = 82.80(3)° a =  8 .3567(17) A
3 = 73.93(3)° b =  9 .0728(18) A
y =  70.31(3)° c =  9 .6486(19) A

Volum e 661.4(2) A3
Z 1
Density (calculated) 1.836 g/cm'^
Absorption coefficient 0.674 mm‘‘
Crystal size 0.2 X 0.2 X 0.2 mm^
Reflections collected 4591
Com pleteness to theta = 25.00° 96.1 %
G oodness-of-fit on 1.205
Final R indices [I>2sigma(I)] R' =  0.0654, wR" = 0.1948
R indices (all data) R ‘ =  0.0705, wR" = 0 .2157

Shorter [N (2)-C(5)] (1 .392(6)A  in CTZ to 1.380(5)A  in CTZNa) and [N(2)-C (7)] bonds 

(1 .350(7)A  in CTZ to 1.327(5)A  in CTZNa) suggest significant changes in the heterocyclic ring 

associated with changes at N (2), probably due to proton migration. On the other hand an increase 

o f  the [S (2 )-0 (3 )] distance 1.457(4)A  in CTZNa compared to CTZ 1.438(5)A  indicates 

involvem ent o f  the group in bonds forming the com plex N a -0  octahedral structure. The greatest 

lengthening o f  the bond is seen for [N(3)-C(7)] (1 .291(6)A  in CTZ to 1.345(6)A  in CTZNa) 

and supports the hypothesis o f  proton relocation around the heterocyclic ring. Other major 

differences in torsion angles between CTZ and CTZNa involving the sulphonamide parts 

o f  the m olecule were also noticed.

Shankland et al. (1997) determined the hydrogen bond distances in the crystal lattice 

between the m olecules o f  CTZ and stated that they were typical for organic m olecules with those 

functional groups and were as follow s: [N (1)-H (5)...N (3)], [N (l)-H (6 )...0 (3 )], [C (4)-H (4)...0 (4)]
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and [N(l)-H(6)...0(l)]. A more extensive network of hydrogen bonds in the CTZ crystal 

than previously reported has been determined in the present work and is compared to H-bonds 

present in CTZNa in Table 3.2. Hydrogen bonding between the C-H groups as proton donors 

and the oxygen of the sulphonyl groups is not observed in the crystal lattice of, for example, 

hydrochlorothiazide (Dupont and Dideberg, 1972). The rich H-bond network found in CTZ is 

consistent with the high stability of the crystal lattice. Only a few hydrogen bonds can be observed 

in CTZNa (Table 3.2) as a consequence of some of the groups being now engaged in Na-O 

interactions.

Table 3.2. Bond lengths [A] and dihedral angles [°] for hydrogen bonding interactions in 

chlorothiazide and chlorothiazide sodium.

Bond type 
(D-H...A)

D-H
[A]

H..A
fAl

D...A
[A]

D-H...A
[°1

Chlorothiazide
N(2)-H(2)...0(3)‘"̂ 0.86 2.57 2.887(6) 103
N(2)-H(2)...N(1)‘‘’̂ 0.86 2.61 3.327(7) 142
N(1)-H(5)...N(3)^"^ 1.13(6) 2.12(6) 3.132(7) 148(4)
N (l)-H(6)...0(l)‘“̂ 0.91(6) 2.59(7) 2.917(6) 102(5)
N(l)-H(6)...0(3)‘*' 0.91(6) 2.14(7) 3.015(6) 161(6)
C(l)-H(l)...0(2) 0.95 2.41 2.831(6) 106
C(4)-H(4)...0(4y‘> 0.95 2.26 3.152(7) 157
C(7)-H(7)...0 0.95 2.43 3.369(6) 170

Chlorothiazide sodium dihydrate
N(l)-H(5)...0(5) 0.65(7) 2.27(7) 2.913(6) 169(7)
N(3)-H(3)...N 0.86 2.10 2.949(6) 169
C(1)-H(1)...0(1) 0.93 2.34 2.756(5) 107

Symmetry codes: (a) 1+x, -1+y, z.; (b) x, 1+y, -1+z; (c) -1+x, y, 1+z; (d) x, y, 1+z; (e) 1+x, y, z;
(f) -1+x, 1+y, z; (g) 1+x, 1+y, -1+z.

A literature search was undertaken to compare the molecular structure of CTZNa with 

similar compounds. The work of Mizuno et al. (1969) describing sodium hexa- water coordinates 

of a xanthine sodium salt reported that the O-Na-0 angles ranged from 84.5° to 97.0°. The angles 

reported here for CTZNa are about the same size, however, the pattern of Na-O bonds is far more 

complex than that in xanthine sodium as oxygen atoms participating belong not only to water, but 

also to the sulphonyl groups. The crystal structure of sulfadimidine sodium (SDMNa) was reported 

by Patel (1995). SDMNa was recrystallised from an aqueous solution at ambient temperature. 

The sodium cation of SDMNa coordinates a molecule of SDM directly through the oxygen of the 

sulphonyl group of SDM in a similar way as in CTZNa. Na(I) is able to coordinate one molecule 

of water, but it does not bridge to the other sodium cation through two molecules of water, 

as observed for CTZNa. The crystal structure of SDMNa has an interstitial oxygen atom (most 

likely of water) similar to data of CTZNa.
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The type o f sodium complex presented here is commonly referred to as a polymeric self- 

assembly (Whitesides et al., 1991). To the best o f our knowledge, no similar structure with the 

same architecture of the hydrated cation-ligand complex in which the ligand is an active 

pharmaceutical ingredient has been published. Work on the crystal structure of pharmaceutical 

sodium salts including cromolyn, cefazolin and fenoprofen sodium hydrates (Stephenson, 

Diseroad, 2000) and naproxen sodium (Kim et al., 1990) reveals that those highly ordered 

and polymeric intermolecular hydrate structures o f sodium salts of pharmaceutical substances are 

rather uncommon.

Stephenson and Diseroad (2000) stated that water molecules in cromolyn sodium and 

cefazolin sodium have the character o f channel hydrate and ion-coordinated type. Based 

on SC-XRD, in CTZNa two of the water molecules are coordinated by the sodium cation, but 

a third one may be o f an interstitial type. Figure 3.2, which presents the crystal structure o f CTZNa, 

indicates that the orientation o f CTZ molecules facilitates the formation o f similar channels capable 

o f holding water molecules. Additional evidence o f very weak bonding of interstitial water was 

obtained by Ortep analysis o f the single crystal X-ray data. There is less certainty associated 

with the placement o f this particular oxygen compared to the water molecules which are bonded 

in the crystal structure. This means that even at low temperature conditions, as in single crystal 

X-ray analysis, this oxygen atom position tends to be unstable.

3.2.2. NMR studies
Recrystallised samples o f CTZNa and CTZ were subjected to solution nuclear magnetic 

resonance (NMR) analysis. The structure of CTZ was reported previously by Jakobsen 

and Treppendahl (1979) and comparative studies were carried out for CTZNa to elucidate 

the differences between the two molecules.

'HNMR analysis o f CTZNa detected three CH groups (Table 3.3). The [N(l)-H(5)] (v7.42ppm) 

group was detected to be attached to the [0 (l)-S (l)-0 (2 )] group. Peak integration o f the former 

confirmed that this group in fact is ionised to NH- (with the integral of 0.96), consistent 

with results o f the single crystal X-ray analysis, suggesting that only one proton is attached to N (l). 

It is hypothesised that this deprotonated sulphonamide group will neutralise the positive charge 

coming from the two sodium cations in its close neighbourhood (N-Na+ distances are 

approximately 3.6A and 3.7A). A similar phenomenon was described by Garcia-Raso and co

workers (2000)

in Hg(sulfamide)2  complexes where a deprotonated [S02NH'] group interacted with the Hg cation.
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Table 3.3. Results of 'HNMR analysis of chlorothiazide sodium and chlorothiazide.

Peak CTZNa DH CTZ Peak shift
v(Fl) [ppml v(Fl) fppml ASH

C(4)H(4) 8.19 7.54 +0.65
C(1)H(1) 7.34 8.29 -0.95
C(7)H(7) 7.22 8.12 -0.90
N(2)H(2) - 12.62 -

N(1)H2(5,6) - 7.89 -

N(l)H(5) 7.43 - -

Barbosa et al. (1998) reported values of pKl and pK2 of chlorothiazide to be 6.7 and 9.5, 

respectively. The pKl refers to deprotonation of the secondary sulphonamide group in the 

heterocyclic ring, while the pK2 relates to deprotonation of the primary sulphonamide group. The 

aqueous solution of CTZNa had a pH of 9.0±0.3 therefore it is likely that the primary 

sulphonamide group is deprotonated. No proton was detected by 'HNMR in the heterocycle, which 

may perhaps indicate its delocalised nature.

'^CNMR (Table 3.4) analysis confirmed the presence of all seven carbons in the 

chlorothiazide molecule as it was reported before by Jakobsen and Treppendahl (1979). CH 

heteronuclear single quantum coherence (HSQC) analysis confirmed that two protons (v8.19 

ppm and v7.34 ppm) are attached to the carbons of the benzene ring (vl25 ppm and vl26 ppm 

respectively) and one proton (v7.2 ppm) is attached to the carbon (vl55 ppm) of the heterocyclic 

ring of CTZ.

Table 3.4. Results of '^CNMR analysis of chlorothiazide sodium and chlorothiazide.

Peak CTZNa DH CTZ Peak shift
v(Fl) [ppml v(Fl) [ppml A5C

C(4)H(4) 124.8 120.3 +4.5
C(1)H(1) 126.5 125.0 +1.5
C(7)H(7) 155.5 148.6 +6.9
C(5) 150.9 138.9 +12.0
C(6) 134.5 137.8 -3.4
C(2) 122.6 134.4 -11.9
C(3) 131.3 120.2 +11.1

Numerous shifts are observed in 'HNMR and '^CNMR spectra of CTZ compared 

to CTZNa consistent with the changes in chemical structure determined by single X-ray diffraction 

(Table 3.3 and 3.4). Upfield shifts were noted for H (l) and H(7) in contrast to a downfield shift 

for H(4). A large downfield shift was observed by '^CNMR for C(5) directly bonded to N(2) 

and the carbon C(3) to which the chlorine is attached (shifts of +12.0 and +11.1, respectively). 

The most affected signal, compared with CTZ, was that of the C(5) of the benzene ring 

and together with the upfield shift of H(7) bonded to C(7), this suggests a change in protonation
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o f N(2) and migration o f  H(2) to N(3). However, no signal from proton bonded to N (3) was 

detected to directly confirm this hypothesis (Table 3.3).

3.2.3. Thermal analysis
CTZNa obtained after synthesis (M ethods 2.2.1.1.) was a white crystalline powder. 

The DSC scan presented an endotherm with an onset at 83.7 ± 0.5 °C possibly related to the loss 

o f  hydrated water (Figure 3.3). An onset o f  the m elting/decom position point o f  CTZNa was 

289 ± 1 °C. This is lower that the m elting/decom position point o f CTZ, which was determined to 

be 363.51 ± 2.00 °C. The first endotherm corresponds to a 10.4 ± 0.5% mass loss observed by TGA 

which, when converted to a m olar ratio, indicates that 1 mol o f  chlorothiazide sodium contains two 

m oles o f  water (theoretical calculated water content is 10.18%) (Fig. 3.3b). This result was 

confirm ed by Karl-Fischer titration where the water content was estimated to be 9.8 ±  0.3%. 

Therefore, it can be said that this material was a dihydrate.

exo*

1mg
(TGA)

lOmW
(DSC)

400’C25 50 200 250 300 350100 150

Fig. 3.3. Thermal analysis o f anhydrous C T 2 ^ a : a) TGA, c) DSC and CTZNa dihydrate: b) TGA, 

d) DSC.

24 hours o f drying (M ethods 2.2.1.1) allowed the hydrated water to be removed and converted the 

dihydrate to a practically anhydrous state (Fig. 3.3a, c). The DSC/TGA analysis o f  anhydrous 

CTZNa gave different patterns to those o f the dihydrate form. The DSC o f  anhydrous form presents 

an endotherm with an onset at 55 °C, related to ju st a 1.0 ± 0.2% mass loss. A similarly shaped 

TGA pattern to that o f  the hydrate was reported by Zhu et al. (1997) for water evaporation from 

nedocromil zinc hydrates.
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3.2.4. Dynamic vapour sorption (DVS)
To investigate the hydration behaviour of chlorothiazide sodium under changing conditions 

of relative humidity (RH%) a dynamic vapour sorption (DVS) isothermal (25 °C) experiment was 

conducted (Fig. 3.4). To evaluate concurrent changes in the material PXRD (Fig. 3.5), DSC 

(Fig. 3.6) and TGA were also undertaken.

^ ^ ^ ^ ^ _ _ _ _ _ _ _ _ , _ _ _ _ _ _ _ _ I
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

Target % P/Po

— «—  Change In Mass (%)- Sorption — ■—  Change In Mass (%)- Desorption

Fig. 3.4. Isothermal (25 °C) plots of sorption and desorption of water for CTZNa.

The starting material was dehydrated CTZNa, crystalline by PXRD (Fig. 3.5. g). Analysis 

after equilibration of the sample at 0% RH indicated a residual moisture content of about 2.6% 

mass loss by TGA This mass loss corresponded to a starting endotherm with onset at 30.4 °C, 

peaking at 54.8 ”C on the DSC. Dehydrated CTZNa was stable during hydration (Fig. 3.4) 

in the range from 0 to 20% RH, where adsorbed moisture, most likely surface adsorbed, did not 

exceed 1 % of the initial sample mass (m o ).

From 20% RH the sample started to gain water more rapidly in the range from 20-30% RH 

to reach a possible first mass equilibrium at 30-40% RH. The sample recovered from the DVS after 

equilibration at 30%> RH had a residual water content of about 6.6% (by TGA), corresponding 

to an endotherm in the DSC (Fig. 3.6b) peaking at 77.2 °C. The mo increased by nearly 5% 

(by DVS), which corresponds to the theoretical percentage of water content calculated
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for a chlorothiazide sodium monohydrate. The PXRD analysis (Fig. 3.5. f) shows significant 

differences in the intensity of Bragg peaks (at 16.64, 19.63 and 26.52 26) in comparison 

to the pattern of the dehydrated form, with the disappearance of some peaks, e.g. at 17.72 

and 26.52 20. However, the overall powder diffractogram of this sample resembles 

that o f anhydrous CTZNa. Attempts were made to produce CTZNa monohydrate, but were 

unsuccessfiil, indicating that if  the monohydrate exists, it is very unstable and can only be observed 

to form in situ by DVS. It may also be a transient structure occurring upon hydration 

o f the dehydrated CTZNa.

2000 au

a a

40
26 degrees

Fig. 3.5. Powder XRD patterns of: a) CTZNa dihydrate single crystal X-ray material, b) CTZNa 

dihydrate recovered from DVS after desorption at 10% RH, c) CTZNa dihydrate recovered 

from DVS after sorption at 90% RH, d) CTZNa dihydrate recovered from DVS after sorption 

at 60% RH e) CTZNa recovered from DVS after sorption at 40% RH, f) CTZNa recovered from 

DVS after sorption at 30% RH, g) CTZNa dehydrate recovered from DVS after equilibration 

o f reference mass at 0% RH.

A second period o f rapid water uptake occurred in the range from 40 to 60% o f RH 

and was followed by a second mass equilibration in the range o f 60-80% RH. The sample, 

equilibrated at 60% RH, had a TGA mass loss o f 11.8%, corresponding to an endothermic DSC 

(Fig. 3.6c) event with a peak at 114.6 °C. The increase in mass by 12%, correlates with 

the theoretical 10% water content corresponding to CTZNa dihydrate. The PXRD analysis 

(Fig. 3.5. d) presents a different Bragg peak pattern in comparison to the dehydrate (Fig. 3.5.g)
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and it is consistent with the PXRD pattern of the recrystallised CTZNa used for single crystal X-ray 

analysis (Fig. 3.5. a).

Further hydration of the material did not result in the production of other forms 

characterised by a different PXRD pattern than that of the dihydrate (Fig. 3.5. c). The sample 

finally equilibrated at 90% RH gaining 19% of the starting sample weight. This is well above 

the 10% of water content calculated for the dihydrate and could be attributed to surface adsorbed 

moisture and/or a channel/interstitial type hydrate, where water molecules can be placed 

in the interstitial spaces between the CTZNa molecules.

exo‘
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Fig. 3.6. DSC sans of chlorothiazide sodium samples recovered from DVS instrument after 

equilibration at: a) 0%RH, b) 30%RH, c) 60% RH and d) 90%RH

This type of structure was suggested by the single crystal XRD analysis and discussed 

in the sections related to crystal structure above, but was not subsequently confirmed 

by the thermal studies and Karl-Fischer titration. The discrepancy can be related to different 

environmental conditions (relative moisture, temperature) of the techniques used. However, 

it is certain that at high RH% at least the dihydrate, as indicated by PXRD, is formed. A variable 

level of hydration, due to the interstitial/channel space was previously reported for cromolyn 

sodium, which is believed to be able to accommodate up to nine water molecule in the lattice 

and for cefazolin sodium, which is characterised by an extensive network of tunnel space which 

can accommodate water (Stephenson and Diseroad, 2000). The observed variation in hydration
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levels for CTZNa may complicate its developability and manufacture, as more stringent 

environmental control may be needed.

An interesting behaviour o f this sample was revealed by desorption/drying o f the material 

in the DVS. The material dries slowly from 90% RH down to 10% RH, with a relatively constant 

drying rate between 60% RH and 10% RH. The sample recovered from the DVS instrument 

after desorption and equilibration at 10% RH showed a 12.9% mass loss by TGA corresponding 

to a DSC endotherm with an onset at 88 °C, peaking at 114.6 °C. Results obtained for the materials 

recovered during sorption at 60 and 90%RH in comparison to material recovered after desorption 

at 10%RH were the same regarding DSC pattern (Fig. 3.6d). The PXRD patterns o f all four 

compared samples (Fig. 3.5. a-d) are the same and correlate well with simulation o f PXRD pattern 

based on X-ray single crystal analysis (data not shown). Below 10% RH the crystal structure 

collapses and the hydration water is released quickly, until at 0% RH the sample becomes again 

the dehydrate.

3.2.5. Other physicochemical characteristics
Both CTZNa forms, the dihydrate and anhydrous, were subjected to elemental analysis. 

With respect to CTZNa dihydrate, the theoretically calculated contents o f carbon, hydrogen 

and nitrogen were 23.77%, 2.56% and 11.88%, respectively, consistent with those obtained 

experimentally: 23.49±0.06%, 2.62±0.01% and 11.57±0.00%. CTZNa dihydrate was subjected 

to additional drying to obtain the anhydrous sak. Theoretical contributions o f carbon, hydrogen 

and nitrogen for the anhydrous form were 26.46%, 1.59% and 13.23%, respectively, which are also 

consistent with the experimental values of 25.82±0.04%, 1.65±0.01% and 12.59±0.01%, 

respectively. If the molar ratio o f sodium to chlorothiazide in the salt is 1:1, then the theoretical 

sodium content in the salt is 6.9%. The results for sodium content obtained from ICP-MS analysis 

indicate that the sodium content in the sample is 7.6±0.9%, consistent with a stoichiometric ratio 

o f chlorothiazide to sodium of 1:1.

The content o f organic solvents in the recrystallised CTZNa was assayed by GC-MS. 

The residual content of acetone was 0.005% w/w for the sample recrystallised from 1:1 

acetone/water mixture and 0.001% w/w of ethanol was present in the sample obtained 

from ethanol.

The true density calculated from the single crystal X-ray analysis (at 150K) o f CTZNa dihydrate 

was 1.836 g/cm^, while that measured by helium pycnometry (room temperature) was 1.728±0.004 

g/cm^ and for the anhydrous form it was 1.883±0.001 g/cm^.The true density o f CTZ raw material 

measured by helium pycnometry was 1.798±0.001 g/cm^, while the density calculated 

from the single crystal X-ray analysis was 1.861 g/cm^.

FTIR spectrum of CTZNa systems, hydrated and anhydrous, reveals significant differences 

in FTIR pattern in the range o f 2800-3600 cm’’, where hydrogen bonds are expected (Fig. 3.11 c,
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d). Strong, multiple bands o f O-H stretching modes can be seen between 3400 and 3600 cm"' 

confirming the presence o f crystalline water in CTZNa (Fig. 3.11 c). FTIR pattern o f CTZ 

recrystallised from acetone was consistent with that obtained for the raw material (Fig. 3.7 a, b).

10003500 3250 3000 1500 1250 750

Wavenumber [cm'̂ ]

Fig. 3.7. FTIR spectra of: a) CTZ starting material, b) CTZ recrystallised from acetone, 

c) recrystallised CTZNa dihydrate and d) CTZNa anhydrous form.

The solubility o f the dihydrate form of CTZNa, the stable form in aqueous solution, was 

determined to be 79.4±9.5 mg/ml (pH = 9.5±0.2), while the aqueous solubility of CTZ at 37 °C was 

determined to be 0.200 ± 0.004 mg/ml (pH = 4.8±0.1) which is in agreement with the value 

o f 0.2 mg/ml reported previously by Chamicki and co-workers (1959). Therefore the solubility 

difference between CTZ and CTZNa is o f the order o f 400-fold.
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3.3. Conclusions
This thesis reports, for the first time, the crystal structure o f  a dihydrate chlorothiazide 

sodium salt as an intramolecular self-assem bly: (CTZ )3 (H 2 0 ) N a(H 2 0 )2N a (H 2 0 ) (CTZ)3, which  

has a triclinic crystal structure and a space group P-1, regardless o f  whether water, 

a 1:1 water/acetone mixture or ethanol w as em ployed for recrystallisation. Each o f  the sodium  

cations coordinates six oxygen atoms. Sodium cations are bridged through tw o m olecules o f  water. 

Each o f  the sodium cations coordinates an additional not shared m olecule o f  water and three 

chlorothiazide m olecules through the oxygens o f  the sulphonyl groups.

It has been established by N M R  and SC-XRD that the presence o f  the sodium cation induces 

a negative charge in the SO2N H 2 group i.e. S02N H ' is formed. The sodium cation displaces the H 

o f  the secondary sulphonamide group o f  the heterocyclic ring. SC -XRD confirmed the presence o f  

NH group in the heterocyclic ring at the nitrogen atom next to the SO2 m oiety. In CTZNa, the 

proton is likely to be attached to N (2) rather than N (3) as in CTZ. A  crystalline anhydrous form o f  

CTZNa was also identified and its PXRD pattern presented.

DV S analysis confirmed the existence o f  CTZNa dihydrate over a broad range o f  relative 

humidities, 10-90% RH, at 25 °C. For material subjected to relative humidities between 30%  

and 40%, slight changes in the PXRD pattern, with differences in the intensity o f  som e Bragg 

peaks (at 16.64, 19.63 and 26.52 20) and the disappearance o f  others (at 17.72 and 26.52 20), 

suggests the formation o f  another hydrated form, possibly a monohydrate. The presence 

o f  the anhydrous form was evident close to 0% RH.

CTZ has one o f  the highest m elting-decom position points o f  all APIs, at around o f  363 °C, which is 

consistent with the extensive hydrogen bond network. The melting/degradation point 

o f  the dehydrated CTZNa was at around o f  289 °C, ~70  °C lower than that o f  CTZ. The solubility  

o f  CTZNa dihydrate was determined to be 79.4±9.5 m g/m l, around 400-fold  higher than o f  CTZ. 

Therefore it can be concluded that favourable pharmaceutical properties o f  CTZNa result 

from a significantly reduced melting point and improved solubility by salt formation.
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Chapter 4 Results and discussion

4.1. Introduction

Approximately 40% of active pharmaceutical ingredients (API) are described as having 

poor aqueous solubility (Wu and Benet, 2005) and therefore are classified as classes II and IV 

o f the Biopharmaceutics Classification System. There is great interest in the optimisation 

o f the physicochemical properties of APIs, leading to an improved solubility o f material 

and therefore improved bioavailability (Blagden et al., 2007). One of the main solubility 

enhancement approaches employed for ionisable drugs is salt formation (Stahl and Wermuth, 

2008).

It is known that increasing hydrophilicity and decreasing melting point can result in the formation 

o f a salt with increased aqueous solubility. Other desirable physicochemical properties include low 

hygroscopicity, physical stability of the crystal form under different storage conditions 

and chemical stability.

The salt formers (counterions) may be chosen from a few classes. The first class o f salt- 

formers have unrestricted use for this purpose because they form physiologically ubiquitous ions 

(e.g. C r, Na^, K^) or because they occur as intermediate metabolites in biochemical pathways 

(e.g. citrate, glucuronate). Nearly 90% of the reported pharmaceutical salts are with sodium, 

calcium, potassium, magnesium, meglumine or ammonia with more than 55% made with sodium 

cations (Stahl and Wermuth, 2008). Pharmaceutical salts o f potassium are less frequent 

in comparison to sodium salts. However, there are reports outlining several advantages 

o f potassium over sodium salts. Sodium forms hydrated salts more readily than the potassium 

cation and the latter are less deliquescent than the sodium counterparts (Remington, 2005), 

e.g. the potassium salt of penicillin G is preferred to the sodium salt because it is less hygroscopic 

(Swarbrick, 2007). Potassium salts may have better aqueous solubility than the corresponding 

sodium salts (Derry et al., 2009, Adams et al., 2000, Antoncic and Copar, 2009).

Chlorothiazide (CTZ) is a thiazide diuretic which is administered orally in the crystalline 

form as tablets or as an oral suspension (Brunton et al., 1996). CTZ has a particularly high melting 

point (-350 °C with degradation) (Chapter 3). It is very slightly soluble in water, but readily 

soluble in aqueous alkali solutions (European Pharmacopoeia, 2010), which is as a result 

o f its acidic properties, allowing sak formation Due to its salt-forming properties and taking 

into account the drug’s poor solubility, it is considered advantageous to prepare a more soluble 

form. CTZ is available as a sodium salt, marketed as Diuril Sodium®, however the solid-state 

properties of chlorothiazide sodium have only recently been presented (Chapter 3). Thiazides are 

considered to be effective antihypertensives, used as front-line drugs to treat hypertension 

(Appel, 2002). As with other thiazides, one limitation o f the therapeutic use o f CTZ is the risk 

o f hypokalemia and the requirement for potassium supplementation (Ellison and Loffmg, 2009). 

Thus the delivery of a potassium salt of CTZ may, first o f  all, have clinical advantages
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and furthermore, an improved solubility leading to an enhanced dissolution and potentially 

bioavailability. Therefore the main aim of this project was to establish the conditions o f preparation 

o f a potassium salt o f CTZ and characterise any salt products formed.
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4.2. Results and discussion 

4.2.1. Physicochemical analysis
Chlorothiazide potassium monohydrate, crystallised from water (form I), was a white 

crystalline powder. The DSC thermogram (Fig. 4.1e) of form I shows a small endotherm 

with an onset at around 58.0±2.0 °C which corresponds to a loss o f around 1.0±0.4% of residual 

moisture by TGA (Fig. 4.1a), the second endotherm is related to the loss o f hydrated water 

and has an onset at 160.6±0.5 °C.
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Fig. 4.1. Thermal analysis o f CTZK: a) TGA scan of CTZK form I, b) TGA scan o f CTZK form II, 

c) TGA scan of CTZK form IV, d) TGA scan of CTZK form III (anhydrous), e) DSC scan 

of CTZK form I, f) DSC scan of CTZK form II, g) DSC scan o f CTZK form IV, h) DSC scan 

o f CTZK form III (anhydrous).

The first event can be assigned to evaporation o f loosely bound water and the second to liberation 

of water more tightly attached to the molecule of CTZK. The overall water loss corresponds 

to a 4.9±0.2% mass loss (TGA) which, when converted to the molar ratio, indicates that 1 mole 

of CTZK contains one mole of water; thus form I is CTZ monohydrate. The theoretical calculation 

o f water content in CTZK monohydrate is 5.1% w/w. This result was consistent with Karl Fischer 

titration which determined the water content to be 5.3±0.6%. Results of elemental analysis
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for CTZK form I were as follows: 23.58±0.1% of carbon I.86±0.05% of hydrogen 

and 11.69±0.06% of nitrogen, consistent with theoretical calculations for the monohydrate 

of: 23.90% of carbon, 2.01% o f hydrogen and 11.94% of nitrogen.

The results o f DSC/TGA analysis of CTZK form II (Fig. 4.1 b and f) differ from the results 

obtained for form I, as well as those for CTZK form IV (Fig. 4.1: c and g). CTZK form II 

(Fig. 4.1: b and f) presents two strong endotherms in the DSC scan, the first one starting 

immediately at the beginning o f the scan (at 25 °C), corresponding to a TGA mass loss of 6.6±0.4% 

detected between 25-100 °C and the second endotherm with an onset at 159.6±0.5 °C 

corresponding to a TGA mass loss o f 4.6±0.2% (temperature range o f 100-200 °C).

DSC and TGA analysis is consistent with CTZK form II being a dihydrate (theoretical 

water content o f 9.7%), possibly containing interstitial/channel water molecule(s). For this sample 

the KF titrimetry indicated 13.4%±0.3% of water content. This was higher than the mass loss 

determined by TGA analysis (11.2±0.6% measured between 25 and 200 °C), which may be 

attributed to different sample handling conditions pertaining to the two techniques. Dehydration 

o f this sample, occurring in two steps, was different to that o f the sodium salt (CTZNa) dihydrate, 

which dehydrated in a single step (Chapter 1). Also, the onset o f CTZNa dihydrate desolvation was 

83.7 ± 0.5 °C, higher than that o f the first endothermal event for CTZK form II indicating lower 

thermal stability o f CTZK dihydrate. CTZK form II starts to melt at 263±0.5 °C and this is 

immediately followed by decomposition. The potassium content was determined to be 12.5±0.6% 

w/w, consistent with a 1:1 molar ratio o f potassium to CTZ, where the theoretical content 

o f potassium is 11.7%. The acetone content for the sample recrystallised from the acetone/water 

1:1 (v/v) mixture was determined to be 3 .0± 0.6 ppm.

The DSC scan o f CTZ form IV (crystallised from ethanol) presents three endotherms 

with onsets at 35.4±1.5 °C, 120.3±1.2 °C (double endotherm) and 154.4±0.6 °C. TGA showed 

a two step mass loss, one being 2.1±0.2% (25-100 °C) and the other 11.3±1.0% (100-200 °C). 

The ethanol content in the sample was 6.1±0.2% as determined by GC-MS and consistent with the 

ethanol content o f a monohydrate hemiethanolate o f CTZ (i.e. CTZ:H20:ethanol of 1:1:0.5). 

The theoretical molar ratio corresponds to 6.1% w/w of ethanol and 4.8% w/w of water. This gives 

10.9% total solvent content in the crystallised material, slightly lower than the total 13.4±2.0% 

mass loss observed between 25-200 °C by TGA. The melting point of CTZK form IV is 

272.0±1.0 °C and the process o f melting is followed by exothermic decomposition.

The PXRD pattern o f CTZK form I and that o f CTZK form IV (Fig. 4.2) are different 

in terms o f peak positions indicating the different crystal form, which is not surprising considering 

the presence o f ethanol in the latter material. Drying the crystals o f CTZK form IV for 24 hours 

at 80 °C allowed the ethanol content to be reduced to 1.4±0.4 ppm indicating that the ethanol 

molecules could easily be removed. It was confirmed by PXRD that the pattern o f the dried sample 

showed a major change indicating modifications o f the original crystal lattice. The diffraction
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peaks were reduced in intensity and the peak pattern was considered to be different to that 

o f CTZK form IV (Fig. 4.2. a).

SOOOau

1 25
2 0 degrees

40

Fig. 4.2. PXRD pattern of CTZK; a) form IV (monohydrate hemiethanolate) , b) form I 

(monohydrate), c) form II (dihydrate), d) form III (anhydrous), e) form V (desolvated monohydrate 

hemiethanolate).

Morphologically a difference could be noticed as transparent colourless hard crystals became 

white, very fragile and formed a powder. Therefore the new form V is a desolvate originating from 

CTZK form IV and due to its distinctive X-ray powder pattern (Fig. 4.2 e), also different to that 

o f the monohydrate form I (Fig. 4.2 b), it may be an alternative polymorphic form o f the CTZK 

monohydrate. The diffraction pattern for CTZK form II (Fig. 4.2 c) was different to that o f CTZK 

form I (Fig. 4.2 b).

Additional drying o f form I converted the monohydrate to an anhydrous form III. The PXRD 

pattern of the anhydrate (Fig. 4.2 d) is characterised by peaks having very low intensities with only 

one prominent peak at 19.85 20 suggesting major damage to the original crystal structure.

Investigations of the solid-state behaviour o f CTZK imply that form II (dihydrate) is 

preferentially crystallised from an aqueous environment (water and water/acetone mixture studied). 

At ambient conditions over approximately 2-3 days, large crystals o f this form were observed 

to loose their transparency and break apart from one another, converting to the form I 

(monohydrate), followed by the formation of the anhydrous form III when exposed to higher 

temperatures (over 160 °C). The latter is very sensitive to moisture and in humid conditions tends
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to recrystallise towards a mono and dihydrated form. Form IV (hemiethanolate) is recrystallised 

from ethanol, however at ambient conditions ethanol is progressively liberated and, depending 

on the environmental humidity and temperature, the desolvated CTZK forms a dihydrate, 

monohydrate or the anhydrous form III at a higher temperature.

To specify more precisely the humidity conditions which stabilise or induce transformation 

o f the hydrate forms, CTZK form I (monohydrate) was subjected to dynamic vapour sorption 

analysis. An isothermal experiment o f sorption and desorption at 25 °C (Fig. 4.3) established 

that even ~ 0 %RH (0.5-0.7% RH actual %RH) transformation of the monohydrate (I) towards 

an anhydrous form was not observed.

A sample o f form I equilibrated at 0% RH remained stable as the monohydrate, in contrast 

to CTZNa, where the same conditions resulted in an anhydrous form (Chapter 3). CTZK recovered 

from the DVS experiment (after equilibration at 0% target RH) was analysed by PXRD (Fig. 4.4 f, 

g), and by thermal methods (Fig. 4.5.1a, 2a). The PXRD pattern was consistent 

with the pattern o f CTZK monohydrate raw material (form I) described above (Fig. 4.2 b).

O)

 A—

40 50
Target % P/Po

Fig. 4.3. Isothermal (25 °C) plot o f sorption (triangle) and desorption (square) o f water vapour

for CTZK form I (monohydrate).

A sample o f form I equilibrated up to 60% RH in 10% RH steps adsorbed less than 1% 

of water relative to the initial sample mass (CTZK monohydrate), indicating better moisture-related 

stability in comparison to CTZNa monohydrate, which was found to form in situ by DVS
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at 30-40% RH, rapidly absorbed water above 40% RH and recrystallised to a dihydrate (Chapter 1). 

The sample o f CTZK recovered from the DVS instrument and subjected to thermal analysis 

presented a two stage mass loss, by TGA (Fig. 4.5. 2 f), the first o f 3.44% and second o f 5.47%, 

which correlated with two respective endothermal events on the DSC with onsets at 57.7 °C 

and 142.5 °C (Fig. 4.5.1 f). PXRD analysis o f the sample equilibrated during sorption at 60% RH 

(Fig. 4.4 e) had a Bragg peaks pattern which was very similar to that of the monohydrate form I but 

with the appearance o f additional peaks, in particular at -17.05 and -20.20 20 degrees, which were 

weak in intensity, and which can be assigned to the dihydrate form. The PXRD pattern of this 

sample may be described as a combination o f the mono and dihydrate forms.

Between 60 and 70% RH the sample adsorbed nearly 6%> of water relative to the initial mass 

o f monohydrate. PXRD of the recovered and analysed material (Fig. 4.4 d) indicated the presence 

o f a dihydrate, with the peak pattern corresponding with the material which was subjected to single 

crystal analysis (Chapter 4.2.2.) (Fig. 4.2 a). Overall TGA mass loss in the range from 25-200 °C 

was -12% , divided into two steps of 7.4% and 4.9% (Fig. 4.5.2 e), corresponding with respective 

onsets of peaks on the DSC at 57.0 °C and 157.8 °C, due to the first and second stages o f water 

evaporation (Fig. 4.5.1 e). Further conditioning o f CTZK dihydrate form II, at 80 and 90% RH did 

not result in additional changes (Fig. 4.4 c) to the PXRD pattern, nor to DSC and TGA profiles 

o f the dihydrated material (Fig. 4.5.1 d and 4.5.2 d). Comparison o f water vapour intake by CTZK 

form II to that of CTZNa dihydrate suggests that the former is less hygroscopic than the latter 

at high humidities (70-90% RH).
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Fig. 4.4. PXRD results of CTZK: a) dihydrate raw material, b) dihydrate, equilibrated at 10%RH, 

c) dihydrate equilibrated at 90%RH, d) dihydrate equilibrated at 70%RH, e) monohydrate 

equilibrated at 60%RH, f) monohydrate equilibrated at 0%RH (starting material: monohydrate), 

g) monohydrate equilibrated at 0%RH (starting material: dihydrate).
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Fig. 4.5. DSC (I) and TGA (II) analysis o f CTZK: a) monohydrate starting material equilibrated 

at 0% RH, b) monohydrate equilibrated at 0% RH after desorption, c) dihydrate equilibrated 

at 10% RH, d) dihydrate equilibrated at 90% RH, e) dihydrate equilibrated at 70% RH, 

f) monohydrate equilibrated at 60% RH.

After equilibration at 90% RH the sample o f CTZK form II (dihydrate) was subjected 

to desorption. As shown in figure 4.3, the sample in the range fi'om 90 to 10% RH lost just 1.6% 

mass relative to the starting mass. The pattern of mass loss o f CTZK dihydrate on desorption shows 

two different stages o f approximately linear mass loss: the first in the range from 90 to 70% RH
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where the mass loss was -1% , and the second in the range from 70% to 10% RH where the sample 

lost a further 0.6% of water, relative to the starting mass of the monohydrate, ending up at 6.8% 

total water uptake. We hypothesise that the water loss in the first range (90%-70% RH) is related 

to adsorbed surface moisture, the second mass loss (70%-10% RH) is related to the loss of what we 

have described as interstitial water in form II, however it is difficuh to distinguish between 

surface-adsorbed and interstitially captured water.

Supporting analyses by PXRD, DSC and TGA confirmed that the sample equilibrated 

at 10% RH remained as a dihydrate. The PXRD pattern (Fig. 4.4 b) remained consistent 

with materials equilibrated at 70% and 90% RH respectively (Fig. 4.4 c, d) and with raw material 

of form II (Fig. 4.4 a). DSC and TGA scans are the same for all three materials conditioned at 70%i, 

90% and 10% RH (after desorption) (Fig. 4.5.1 c-e and 4.5.2 c-e).

Below 10% RH on the desorption curve (Fig. 4.3), the dihydrated form collapsed 

and transformed to the monohydrate (form I). The change was verified by PXRD analysis 

(Fig. 4.4 f, g) and the Bragg peaks pattern was consistent with the PXRD analysis 

of the monohydrated raw material, form I (Fig. 4.2 b). DSC analysis showed a significant reduction 

in the size of the starting endothermal peak (Fig. 4.5.1 b). TGA analysis recorded mass loss in two 

steps. The first detectable mass loss of 1.5% may be attributed to loss of surface moisture, 

and the second, of 5.2%, to dehydration of the monohydrate form (Fig. 4.5.2 b).

FTIR patterns of CTZK recrystallised from water and from acetone/water 1:1 mixture are 

similar to each other and represent the FTIR pattern of form I (Fig. 4.6).
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a)

b)

c)

d)

4000 15003500 3000 1250 1000 750

Wavenumber [cm' ]̂

Fig. 4.6. FTIR analysis o f  CTZK: a) form I, b) form II, c) anhydrous form III, 

d) form IV.

The bands o f  -CH3 and -C H 2 groups were clearly visible in the range o f  3000 cm"' to 2700 cm"' 

o f  CTZK form IV in contrast to the other forms o f  CTZK. A sharp OH- stretching peak (crystalline 

water) was seen at around 3600 cm ' for all the hydrated forms. Closer analysis o f the water band 

revealed that this peak appeared at 3618 cm"' for form I, 3595 cm"' for form II and 3623 cm"' 

for form IV indicating that this solvent was bonded most strongly in the dihydrate and most weakly 

in the ethanol-containing compound. A small, but clearly visible band at 3559 cm'* was also noted 

for form II. The anhydrous form did not display the water band, but broadening o f  the peaks was 

seen, consistent with a decreased crystallinity o f  this form which was supported by the PXRD 

pattern shown above (Fig. 4.2 d). The N-H stretching vibrations for this form appeared at 3357 cm ' 

and 3243 cm"'. One o f  the N-H bands displayed a relatively steady position for all the three 

solvated forms.

It appeared at 3171, 3169 and 3191 cm"' and for form I, II and IV, respectively. The other N-H  

peak was observed at 3354, 3428 (with a further vibration at 3359 cm"') and 3420 cm’' for form I, 

II and rV, respectively showing greater shifts in peak positions, most likely depending 

on the bound solvent. This N-H peak was therefore ascribed as the N-H fragment attached
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to the benzene ring as it is the only N-H group in the structure directly interacting with the solvent. 

FTIR spectrum of form IV also differed from the di- and mono-hydrates by the presence of an extra 

band at 1057 cm ' due to the O-CH2 stretch vibrations from ethanol.

The aqueous solubility of CTZK form II (dihydrate) was determined. This form was 

chosen due to the greatest expected stability in solution. The solubility was determined to be 

78.71±1.82 mg/ml (pH 8.5±0.1) indicating that CTZK has an aqueous solubility ~400-fold higher 

compared to 0.2 mg/ml for CTZ reported previously by Chamicki et al. (1959).

Both, form II and FV, pseudopolymorphic structures of CTZK tend to crystallise 

as colourless and transparent prismoidal agglomerates (Fig. 4.7).

//
L i 1 ±  I 1 i

500 pm

a) b)

Fig. 4.7. SEM images of CTZK: a) form II, b) form IV.

4.2.2. Crystal structure
Single crystal X-ray analysis resulted in the determination of the molecular structures 

of CTZK forms II and FV. Experimental data images are reported in Fig. 4.8.

Chlorothiazide potassium dihydrate, form II, can be classified as an intermolecular 

coordinate consisting of chlorothiazide molecules bonded together with potassium. Single crystal 

X-ray diffraction studies (Fig. 4.9) show that the structure obtained can be described as follows: 

(CTZ) 3  K (H20)2(CTZ)2 (H20)2 K (CTZ) 3  (CTZK form II). The structure is of a supramolecular 

self-assembly type formed by several molecules of CTZ.
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Fig. 4.8. View of chlorothiazide potassium: a) dihydrate (CTZK form II), b) monohydrate 

hemiethanolate (CTZK form IV) by Ortep visualisation.
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Fig. 4.9. CTZK form II: a/ potassium ion 

coordinates, b/ cell unit packing view along 

“a” axis, c/ cell unit packing view along “b” 

axis, d/ cell unit packing view along “c” axis. 

Atom colours: carbon: grey, nitrogen: blue, 

hydrogen: white, oxygen: red, sulphur: yellow, 

chlorine: green, potassium: violet. Interstitial 

water molecules are removed for clarity.
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CTZK form II intermolecular self-assembly consists o f  two cations o f  potassium bridged 

by the oxygens o f  the sulphonyl group (0 (1 ) and 0 (2 )) attached to the phenyl groups o f CTZ (Fig. 

4.9a). The bond length between the potassium and each o f  the oxygens is similar and is 2.67 A 
and 2.75 A for [K (l)-0(1)] and [K (l)-0(2)], respectively. Each o f  the potassium cations 

coordinates five molecules o f chlorothiazide, four o f  them through the oxygens o f  the sulphonyl 

groups (0 (1 ), 0 (2 ), 0 (3 ) and 0 (4 )) and one through the chlorine atom (C l(l)). Two 

o f the coordinated chlorothiazide molecules are bridged to the potassium through the oxygen atoms 

o f the SO2 group (0 (3 ) and 0 (4 )) attached to the heterocyclic ring o f  CTZ. The bond distances 

between oxygen and potassium are: 2.71 A for [K (l)-0 (4 )] and 2.79 A for [K (l)-0 (3 )]. The unique 

feature o f  molecular coordination observed in CTZK form II is that the potassium cation is able 

to coordinate the chlorine atom ([C l(l)-K (l)] distance o f  3.33 A). To our knowledge, no reports 

o f  [K-Cl] coordination in salts o f  APIs have been published to date.

Apart from interacting with CTZ, each o f  the potassium cations coordinates two molecules o f water 

with the [K (l)-0(5)] and [K (l)-0(6)] distances o f  2.86 A and 2.65 A, respectively. None o f these 

water molecules is shared and/or bridged between the two cations o f  potassium. Additionally, 

a molecule o f  water, appearing as an interstitial/channel type, is also present in the neighbourhood 

o f  two o f  the potassium cations in CTZK form II. The oxygen o f  water is present at an equal 

distance o f 5.39 A from each o f potassium atoms ([K (l)-0 (7 )-K (l)]) in the assembly. A summary 

o f  the key crystallographic information is given in Table 4.1.

CTZK recrystallised from ethanol (form IV) presents a different crystal structure compared 

to CTZK form II (Fig. 4.10). In CTZK form IV the two potassium cations are bridged by two 

oxygens o f  water and additionally by the oxygens o f  the sulphonyl group (0 (1 ), 0 (2 ), 0 (5 )  

and 0 (6 ))  attached to the phenyls o f  two molecules o f  chlorothiazide (Fig. 4.10a). The distances 

between the oxygens o f water (0 (9 ) and 0 (1 0 )) and the potassium cations are 2.74 A and 2.85 A 
for [K (l)-0 (9 )] and [K (l)-0(10)], respectively and 2.88 A and 2.71 A for [K (2)-0(9)] 

and [K (2)-0(10)], respectively. The distances between the potassium cation and CTZ oxygens are 

o f a similar range as those between K (l)/K (2) and 0 (9 ) /0 (1 0 )  and are 2.80 A and 2.76 A 
for [K (l)-0 (2 )] and [K (l)-0(6)], respectively and 2.77 A and 2.80 A for [K (2)-0 (l)]  

and [K (2)-0(5)], respectively.
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Analysis parameters CTZK form II CTZK form IV
Identification code CTZK form II CTZK form IV
Empirical formula C 5 6 H 4 o C l8 K g N 2 4 0 s 2 S  16 C ,g H 2 o C l 2 K 2 N 7 0 „ S 4

Formula weight 2990.48 787.75
T emperature 108(2) K 118(2)K
Wavelength 0.71075 A 0.71075 A
Crystal system Monoclinic Triclinic
Space group C2/c P-1
Unit cell dimensions a= 90° a =  18.328(4) A a = 87.522(13)° a = 7.078(3) A

3= 99.729(3)° b = 7.3662(16) A p= 84.064(14)° b = 9.842(5) A

II o o c =  19.993(5) A 7=78.822(12)° c = 21.994(11) A
Volume 2660.4(11) A3 1494.6(12) A3
Z 1 2
Density (calculated) 1.867 g/cm^ 1.750 g/cm^
Absorption coefficient 0.946 mm‘^ 0.843 mm-1
Crystal size 0.50 X  0.30 X  0.30 mm^ 0.20 X  0.20 X  0.20 mm^
Reflections collected 6225 20149
Completeness to theta = 25.00° 94.6 % 96.7 %
Goodness-of-fit on F^ 1.106 1.149
Final R indices [I>2sigma(I)] R' = 0.0384, wR' = 0.1098 r ' = 0.0605, wR' = 0.1814
R indices (all data) R' = 0.0399, wR" = 0.]113 r ' =0.0654, wR‘̂ = 0.1966
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Fig. 4.10. CTZK form IV: a/ potassium ion 

coordinates, b/ cell unit packing view along 

“a” axis, c/ cell unit packing view along “b” 

axis, d/ cell unit packing view along “c” axis. 

Atom colours: carbon: grey, nitrogen: blue, 

hydrogen: white, oxygen: red, sulphur: yellow, 

chlorine: green, potassium: violet.
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CTZK form IV is composed of two types of CTZ molecules that are crystallographically 

independent (Fig. 4.8). The two potassium cations in CTZK form IV coordinate a different number 

of atoms each. They both coordinate six oxygens, but one of them additionally coordinates one 

chlorine atom of CTZ [Cl(2)-K(2)] with a distance of 3.57 A. The distance between the potassium 

and chlorine in CTZK form II described above was shorter i.e. was 3.33 A. In CTZK form IV one 

of potassium ions (K(l)) coordinates four molecules of chlorothiazide through oxygens 

of the sulphonyl groups: two from the phenyl ring mentioned before (0(6), 0(4) shared 

with the second potassium cation) plus two from the heterocyclic ring of chlorothiazide (0(2) 

and 0(1)). The distances between the potassium atom and oxygens of the sulphonyl group 

of the heterocyclic ring of CTZ are: [K(l)-0(3)]: 2.75 A  and [K(l)-0(4)]: 2.71 A. The other 

potassium (K(2)) coordinates five molecules of chlorothiazide: four of them are coordmated 

by the oxygens of the sulphonyl group: three from the benzene ring (0(3), 0(5) and 0(7)) plus 

the fourth oxygen of the heterocyclic ring (0(30). The fifth chlorothiazide molecule is coordinated 

to the potassium ion through the chlorine atom of the CTZ molecule.

Extensive network of hydrogen bonds were determined in both of the pseudopolymorphic 

forms (II and IV) of CTZK and are presented in Table 4.2.

Table 4.2. Bond lengths and dihedral angles for hydrogen bonding interactions in CTZK form II 

and CTZK form IV.

Bond type 
D-H...A

D-H
fAl

H..A
fAl

D...A
[A]

D-H...A
l°l

CTZK form n
N(3)-H(3)...N(1)^"^ 0.88 2.15 2.933(4) 148
N(1)-H(5)...N(2)‘'’' 0.82(5) 2.38(6) 3.027(3) 136(5)
0(7)-H(8)...N(l) 0.97(6) 2.29(6) 3.069(3) 138(5)
C(1)-H(1)...0(1) 0.95 2.41 2.824(4) 106

CTZK form IV
N(3)-H(3)...N(iy'^ 0.88 2.22 2.998(5) 148
N(l)-H(5)...0(15)^“> 0.83(5) 2.09(5) 2.922(5) 173(4)
N(6)-H(6)...N(4/'^ 0.88 2.27 3.038(5) 146
N(4)-H(9)...0(18) 0.87(6) 2.01(6) 2.865(5) 169(5)
0(15)-H(15)...N(2y‘̂ 0.84 1.92 2.758(5) 173
0(18)-H(18)...N(5)“'̂ 0.84 1.90 2.733(5) 169
C(1)-H(1)...0(1) 0.95 2.36 2.791(5) 107
C(8)-H(8)...0(6) 0.95 2.36 2.799(5) 107

Symmetry codes: (a) -'/2+x, Vi+y, z; (b) Vi-x, '/2-y, -z; (c) x, 1+y, z; (d) 1-x, 1-y, 1-z; (e) x, -1+y, z;
(f)x ,y , 1+z.

CTZK from rV occurs as a monohydrate additionally containing molecules of ethanol 

with the molar ratio of H2O: ethanol: CTZ of 2:1:2 based on the single crystal X-ray analysis, 

in excellent agreement with the ratio determined by thermal analysis and GC-MS (Methods 2.2.13.) 

It has a different crystal unit cell than CTZK form II (Table 4.1). While CTZK form II is
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monoclinic with a space group of C2/c, CTZK form IV has a triclinic crystal structure and a space 

group of P-1.

To date only a limited number of APIs containing similar coordinates formed by potassium 

cation have been described and reported, suggesting that crystal structures of pharmaceutically 

relevant potassium salts have not been widely investigated. Geddes et al. (1974) reported a crystal 

structure of nigericin potassium salt and compared it with a nigericin silver salt. In nigericin, 

the potassium cation coordinates seven oxygen atoms with distances between the oxygens 

and potassium between 2.58 A and 3.09 A. All the coordinated oxygens come from the same 

molecule o f nigericin i.e. the structure o f the complex is 1 molecule of to 1 molecule 

of nigericin. On the other hand, Tauvel et al. (2009) described crystal structures o f a potassium salt 

o f tenatoprazole. Depending on the solvent used, the mono-potassium salt o f tenatoprazole 

presented the following forms: a monoclinic- diethanolate, a monoclinic-(x)methanolate,-(2- 

x)ethanolate, where (0<x<l), diethanolate and an orthorhombic structure of ethylenglycolate (EG). 

Similarly to CTZK, a hydrated form of potassium tenatoprazole recrystallised from ethanol. 

The authors observed ID ribbon arrangements for the diethanolate and ethylenglycolate forms 

of the API, therefore showing that a supramolecular organisation for potassium salts is possible, 

however CTZK (especially form IV) exhibits a complex crystal structure compared to those 

previously described.

Bekdemir et al. (2002) published the crystal structure of potassium

p-nitrobenzoxasulfamate monohydrate. This orthorhombic structure is based on two cations 

of potassium which, as in the CTZK form III structure, are crystallographically independent. One 

of the potassium cations coordinated six oxygens in the range 2.6538-3.0916 A and one atom 

o f nitrogen (2.9236 A) while the second potassium cation coordinated seven atoms o f oxygens 

in the range 2.7502-3.0468 A and one nitrogen (2.7942 A).

4.2.3. Hirshfeld surfaces
Hirshfeld surfaces analysis allowed for visualisation and comparison of reciprocal 

interactions among atoms in crystal lattices o f CTZK form II and form FV. The visualisation 

is based on a 3-D surface surrounding a single molecule o f CTZK. Parameters describing this 

surface are d, and de, where dj corresponds to the distance between the surface and atom placed 

the closest internally to the surface, de corresponds to the distance between the surface and atom 

placed the closest externally to the surface. Presented surfaces by dnorm are the sum of di and de 

where each o f them is normalised to the van der Waals radius o f the involved atom. 3-D images 

o f surfaces o f molecules are partially coloured and partially gray. The colour spectrum ranges 

from blue to white to red. If the surface is coloured blue, it means, that reciprocal interactions 

between two molecules placed internally and externally to the Hirshfeld surface are longer 

(weaker) on a relative scale than van der Waals forces. White planes are equal to van der Waals
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distance, while red surfaces represent interactions stronger than van der Waals forces. The surfaces 

presented in Fig. 4.11 reveal the close contacts between the atoms highlighting hydrogen bond 

donors and acceptors and interactions of the potassium ions.

The 3-D surface (Fig. 4.11) surrounding the molecule can be depicted by a D-2 fingerprint 

plot (Fig. 4.12) where d e = f ( d j ) .  The fingerprint plot is pseudo-mirrored along d e = d i  which reflects 

the reciprocated interactions between selected atoms. The fingerprint plot depicts the percentage 

of overall Hirshfeld surface covered by a particular type of bond. This is important as red strong 

interactions, so called hot-spots, can be crucial in the formation of a particular crystal structure, 

but will not cover a large percentage of the Hirshfeld surface, so the overall stabilising effect 

on the crystal structure can be weaker than the less intensive blue interaction, but which covers 

a larger percentage of the Hirshfeld surface.

Figures 4.12 and 4.13 illustrate decomposition of the fingerprint plots for CTZ II and IV. 

This detailed analysis allows one to discern that the largest contribution to the overall Hirshfeld 

surface in CTZK form II are O...H, 0 . . . 0  and O ...K  (Fig. 4.12) and in form III are H...H, 0 ...H  

and 0 . . . 0  (Fig. 13) contacts, suggesting that weak but repulsive H...H contacts contribute 

to the stability of CTZK form IV.
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Fig. 4.11. (a) Front, (b) back view of dnorm mapped on the Hirshfeld surface o f Form II, (c) front 

and (d) back view of dnorm mapped on the Hirshfeld surface of Form IV.
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Both fingerprints presented the appearance of spikes characteristic of hydrogen bonds 

involving O...H  and N ...H  contacts. The fingerprint plot of CTZK form II is quite asymmetric 

and this asymmetry is due to the presence of the channel water molecule. The fingerprint plots can 

also be considered in terms of hydrogen bond donors/acceptors, where de>dj contacts correspond 

to the hydrogen bond donors and de<dj contacts indicate the hydrogen bond acceptors.
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Fig. 12. Full (a) and partial fingerprint plots for CTZK form II: b) 0 . . .0  contacts (16.7%), 

c) 0 ...H  reciprocal contacts (28.4%), d) 0 ...K  reciprocal contacts (12.5%), e) H ...H  contacts 

(5.2%), f) N .. .H reciprocal contacts (8.0%).

This examination indicates that the 0 ...H  contacts are more sensitive to the inclusion or exclusion 

of the solvated water molecules compared to contacts of other types. The hydrated CTZK form II, 

inclusive of the channel and coordinated by the K^ water molecules, has 17.1% 0 ...H  (H-bond 

acceptors), 11.3% H...O  (H-bond donors) as well as 5.4% O...K, 7.1% K ...0  and 16.7% 0 . . . 0  

contacts contributing towards stability of the crystal structure of this form. Exclusion of the channel 

water only slightly changed these proportions to: 16.0% 0 ...H , 9.6% H ...0 , 5.6% 0 ...K , 7.7% 

K ...0  and 14.6% 0 . . .0  interactions. Removal of all water molecules hydrating the CTZK altered 

the contributions of H ...0  and H ...0  contacts to 9.9% and 12.9%, respectively and changed 

the balance of H-bond donors and acceptors able to interact with the groups participating in such 

contacts.
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Fig. 4.13. Full (a) and partial fingerprint plots for CTZK form IV: b) 0 . . . 0  contacts (9.8%), 

c) 0 . . .H  reciprocal contacts (19.7%), d) O ...K  reciprocal contacts (9.5%), e) H ...H  contacts 

(24.2%), f) N ...H  reciprocal contacts (8.1%).

This suggests that the water molecules bound by the potassium ions are essential for maintaining 

o f the crystal lattice integrity o f form II, whereas exclusion o f the channel water impacts 

on the stability to a much lesser degree. The proportions o f the 0 ...K , K .. .0  and 0 . . . 0  contacts 

in the fully water deprived structure are 5.9%, 12.7% and 9.6%, respectively.

In form IV, the mixed ethanolate/hydrate form, the 0 . . .H /H ...0  contributions change 

as follows: 10.9%/8.9%, 15.5%/5.8%, 9.1%/9.0% and 13.5%/6.5% for the fully solvated form IV, 

the structure with ethanol excluded but water molecules left in, the structure with water excluded 

but ethanol left in and the desolvated form (water and ethanol excluded), respectively. This, 

in contrast to form II, indicates that both o f the solvents may be important in maintaining 

the integrity o f form IV. Omission of water o f solvation results in a change o f the 0 . . .K  and K ...0  

contacts from approximately 5% and 6% to approximately 4% and 9%, respectively, 

not surprisingly as the water interacts with the potassium ions directly. Form II and form IV also 

display a significant difference in the contribution o f H ...H  weak contacts, 5.2% and 24.2%,
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respectively showing a greater contribution o f  these weak interactions arising from interaction 

o f hydrogen atoms o f  the ethanol molecules with adjacent aromatic rings o f  CTZK.

4.2.4. NMR studies

'HNMR analysis o f  CTZK form II (Table 4.3) confirms the presence o f  all expected CH 

groups. The scans suggest an undefined nature o f the NH 2 moiety o f  SO2NH 2 group, with some 

confirming deprotonation o f  the sulphonamide moiety and some showing it as an uncharged NH 2 . 

2D NH HSQC confirms though that the group is a primary sulphonamide group. ’HNMR analysis 

o f  CTZK form IV (Table 1) confirms the chemical structure o f  the API molecule, as it detects all 

expected C(1,4,7)H( 1,4,7) bonds and deprotonated N(1)H(5,6) o f  the NH 2 SO2 group.

It is hypothesised that the primary sulphonamide group is deprotonated to neutralise the positive 

charge o f the potassium ion, which is consistent with the single crystal X-ray results presented. 

The distances from nitrogen o f  the deprotonated sulphonamide group to the potassium cation 

[K (l)-N (l)] for the form II are 4.33 A and 5.08 A, and for the form IV: 4.03 A for [K (l)-N (l)], 

4.45 A
for [K (l)-N(4)], 3.89 A for [K(2)-N(4)[ and 4.53 A for [K (2)-N (l)]. '^CNMR (Table 4.4) analysis 

confirmed the presence o f  all seven carbons in the chlorothiazide molecule.
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Table 4.3. Results o f 'HNMR analysis of CTZK form II and IV.
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Table 4.4. Results o f  '^CNM R analysis o f  CTZK form II and IV.
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Numerous shifts are observed in '^C NMR spectra of CTZK form II and IV compared to CTZ. 

The largest shift between the two CTZ forms is observed for C(6) where the difference is 2.1 ppm. 

The largest downfield shift is observed for C(5) directly bonded to N(2) and the carbon (C(3)) 

to which the chlorine is attached (shifts o f +12.2 and +11.06, respectively in comparison to CTZ). 

The most affected signal, compared with CTZ, was that o f C(5) of the benzene ring 

and with the upfield shift of H(7) bonded to C(7) suggesting a change in protonation of N(2) 

and migration of H(2) to N(3). However, no signal from proton bonded to N(3) was directly 

detected (Table 4.3).

NMR analysis confirms the presence o f ethanol captured in the crystal lattice o f CTZK 

form rv . Peaks o f the carbon and hydrogen nuclei o f ethanol are visible in the spectrum 

as molecules of non-bonded solvent, indicating that ethanol is weakly bonded to CTZK.
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4.3. Conclusions

Chlorothiazide formed a range o f intermolecular self-assemblies (ISA) with potassium 

cations when crystallised from different liquid environment by solvent evaporation.

Potassium cations o f CTZK can coordinate up to seven atoms (oxygens o f water, oxygens 

o f sulphonyl groups and the chlorine o f CTZ molecule). The potassium cations are not bridged 

by water in CTZK recrystallised from water, whereas a more complex coordinate with two types 

o f crystallographically independent CTZ molecules, is formed in CTZK ISA recrystallised from 

ethanol (form IV). In the latter, the potassium cations do not coordinate an equal number o f atoms 

(K (l) coordinates seven and K(2) coordinates six). Potassium cations deprotonate the primary 

sulphonamide groups o f CTZ and shift the proton o f the secondary amine group in the heterocyclic 

ring

of CTZ, analogous to results reported for CTZNa (Chapter 3).

The different CTZK forms have different physical stabilities when temperature 

and/or humidity is changed. Drying form IV leads to evaporation o f ethanol present in the crystal 

lattice, but not water, and transforms the original crystals to a desolvated material (CTZK form V) 

that has a different Bragg peak pattern compared to CTZK form I (monohydrate). The latter can be 

obtained by crystallisation from water but is also found to form by direct drying o f CTZK form II. 

DVS analysis showed that CTZK form I had better moisture-related stability than CTZNa 

monohydrate and was stable up to 60% RH (at 25 °C). The dihydrate (form II) existed over a broad 

range o f relative humidities, 10-90%RH, at 25 °C. Extensive drying o f form I results 

in an anhydrous material (form III) which was seen to be exceptionally moisture sensitive 

and converted to form I even at a very low humidity o f 0.5-0.7% RH in the DVS at 25 °C. This 

contrasted with the behaviour o f CTZNa anhydrous form which was stable up to 20% RH (Chapter 

3). The rich solvatomorphism o f CTZK presented here is in contrast to some reports that 

the potassium cation forms hydrated salts less readily than the sodium cation (Remington, 2005). 

However, the solvates o f CTZK seem to be less hygroscopic compared with the hydrated CTZNa, 

consistent with previously published data (Swarbrick, 2007).

The aqueous solubility o f CTZK dihydrate was estimated to be 78.71±1.82 mg/ml, 

400-fold higher than that o f CTZ (Chamicki et al. 1959), thus indicating a biopharmaceutical 

advantage for the salt form.
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Chapter 5 Results and discussion

5.1. Introduction
Spray drying is a one-step processing method resulting in the production o f a dry powder 

product. Several available sizes of drying chambers, ranging in cubic capacity from a few 

to thousands o f litres give this process large potential and ease in scaling up from laboratory 

to industrial scale outputs (Masters, 2002). Fast spray drying, in comparison to other production 

methods like slow crystallisation, has a potential to be conducted continuously without unnecessary 

disruptions, bringing high efficiency in terms of production time (Re, 1998). Spray drying gives 

flexibility in designing expected particle sizes varying in range from millimetres (Masters, 2002) 

to nano-scale particles (Ditte et al., 2010). Overall, spray drying excludes the necessity for fiirther 

milling or sieving, therefore minimising possibilities o f solid state transformation during those 

processes (Gonzalez et al., 2009).

Spray drying can result in amorphous (Corrigan et al., 1984) and crystalline products 

(Islam et al., 2010). Depending on the process conditions, spray drying has the potential to deliver 

high enough energy to prevent crystal lattice formation. On the other hand, spray drying may also 

yield conditions suitable for material crystallisation upon solvent drying.

Despite spray drying being well understood and widely investigated (Masters, 2002), some 

aspects o f the process have not been researched to a large extent. One such element is the solvent 

choice. Many spray drying processes use organic solvents, primarily to improve the solubility 

of the components to be processed (Kristmundsdottir et al., 1996 and Di Martino et al., 2001). 

Selection o f solvents gives flexibility in designing the production process, as a wide range 

of solvents or mixtures o f solvents can be used. However, how the solvent or solvent mixture 

impacts on the physicochemical properties o f the spray dried material remains poorly understood.

A few references have been published on the impact of feed composition on the production 

of spray dried polymeric composite microparticles containing active pharmaceutical ingredients: 

itraconazole (Janssens et al., 2009) and etanidazole (Wang and Wang, 2002). Even fewer reports 

can be found on the solid-state changes of spray dried single-component materials as a result 

of solvent change in spray drying feeds. Najafabadi et al., (2004) spray dried sodium cromoglycate 

from water as an 8% w/v solution and from absolute ethanol as an 8% w/v suspension. 

An amorphous solid and a crystalline material were obtained, respectively. The two batches 

differed in relation to particle size and density. The same authors (Gilani et al., 2005) expanded the 

above work by describing extra samples, based on ethanol/water mixtures, however, they also were 

suspensions. It was noted that increasing the amount o f water from 12.5% to 50% v/v resulted in a 

decrease in crystallinity of the samples. It was reported that crystals o f the active were 

not formed when a 1:1 ethanol/water mix was used for spray drying and that the presence o f water 

facilitated the solubility of the drug and, overall, the formation of amorphous particles. Addition 

of ethanol reduced the solubility of the drug and resulted in the formation of crystals. 

Harjunen et al., (2002) investigated the impact of ethanol to water ratio in the feed solution
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on the crystallinity o f spray dried lactose and concluded that amorphous lactose was obtained 

by processing from pure water while 100% crystalline lactose monohydrate was collected after 

spray drying from pure ethanol.

No systematic and comprehensive studies on the effects o f solvent and spray drying 

parameters on the solid-state nature o f the spray dried material have been published to date. 

The present work aims to address this lack o f knowledge and discuss the importance of the process 

conditions in attaining powders which differ in their solid-state. Chlorothiazide (CTZ) was chosen 

as a model substance as only one polymorphic form has been shown to exist at ambient conditions, 

with the other polymorph only being formed at 4.4 GPa (Oswald et al., 2010). This pressure is 

however too high and not encountered in pharmaceutical industry e.g. for tabletting. Earlier studies 

on spray diying o f this compound from an ethanol/water mixture determined that no polymorphic 

transition occurred during the process (Corrigan et al., 1984). This compound also has a very high 

melting point suggesting a low likelihood of thermal decomposition.

This study therefore aims to investigate the impact o f spray drying variables, including 

solvent composition, configuration of the spray dryer, inlet temperature and drug concentration 

on the solid state nature and morphological characteristics o f the spray dried material.
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5.2. Results and discussion 

5.2.1. Solubility studies of CTZ
Initially, to establish the solubility profiles o f  CTZ, needed for spray drying studies, 

solubility studies using a few solvents commonly used for processing were undertaken. W ater 

(as a first choice solvent for spray drying (M asters, 2002)), ethanol, an organic polar solvent, 

acceptable for use in the open spray drying mode as an alternative to water, and acetone (known 

to be a relatively good solvent for CTZ (Chapter 3) were selected as solvents for spray drying. CTZ 

belongs to class IV o f  the Biopharmaceutics Classification System (low solubility, low 

permeability) with an aqueous solubility o f  0.02 mg/ml (at 37 °C) (Chapter 3). Solubility studies 

in pure ethanol indicated that CTZ solubility was only slightly higher (-0 .07%  w/v) compared 

to pure water (-0 .02%  w/v), while CTZ solubility in acetone was around 0.9% (w/v) (Table 5.1).

Table 5.1. Solubility studies o f  CTZ in various solvents.

content of organic 
solvent (volume %)

water/ethanol mixtures 
(mg/100 ml)

water/acetone mixtures 
(mg/100 ml)

0 20 ± 0 .0 20±0.0
10 27.5 ± 3 .5 32.5±3.5
30 45 ±7 .1 534±21.6
50 190 ± 0 .0 120± 14.14
70 340 ±  14.1 1580 ± 2 5 4 .6
80 325 ± 14.1 5 3 4 0 ± 113.1
90 1 4 5 ± 2 1 .2 5430 ± 2 4 0 .4
100 67.5 ± 3 .5 880 ± 2 8 .3

The results o f  solubility studies o f  CTZ are presented in Table 5.1. The ethanolic systems 

exhibited a maximum solubility at 0.7 ethanol volume fraction o f 0.34% (w/v) and the acetone 

mixtures gave a maximum solubility o f  CTZ o f  5 .4%  (w/v) at 0.9 acetone volume fraction. 

The concentration o f feed solutions in the different solvent systems was therefore varied depending 

on the actual solubility o f CTZ in the liquid system. Obtained solubility results presented non

linear pattern o f solubility o f CTZ versus concentration o f  organic solvent in mixture with water 

(Fig. 5.1.).
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Fig. 5.1. Solubility of CTZ in acetone, ethanol and their mixtures with water.
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5.2.2. Spray drying of CTZ
Spray drying was performed as described earlier in Methods (2.2.2.). The conditions 

o f spray drying are listed in table 5.2.

Table 5.2. Spray drying conditions used for CTZ samples.

Sample No # Solvent system
Feed 
conc. 

(% w/v)

Inlet
temp
(°C)

Outlet
temp
(°C)

Mode*

#5.1 Raw material - - - -

#5.2 AC 0.5 80 61 CM
#5.3 AC/W 9:1 0.5 80 53 CM
#5.4 ACAV 7:3 0.5 80 44 CM
#5.5 AC/W 1:1 0.5 80 38 CM
#5.6 AC/W 3:7 0.5 80 32 CM
#5.7 AC/W 9:1 0.5 80 45 OM-S
#5.8 AC/W 9:1 0.5 80 44 OM-B
#5.9 AC/W 9:1 5.0 80 54 CM
#5.10 AC/W 9:1 0.5 100 76 CM
#5.11 AC/W 9:1 2.0 120 99 OM-B

#5.12 EtOH 0.03 100 66 OM-S
#5.13 EtOH 0.03 80 56 CM
#5.14 EtOH/W 9:1 0.03 100 52 OM-S
#5.15 EtOH/W 1:1 0.03 100 46 OM-S
#5.16 EtOH/W 1:9 0.03 100 43 OM-S

#5.17 W 0.02 160 94 OM-S
#5.18 W (feed temp. ~98 °C) 0.1 160 98 OM-S

* OM-S -  open, suction mode, OM-B -  open, blowing mode, CM- closed mode.

5.2.2.1. Spray drying CTZ from acetone and acetone/water solutions
It was concluded from the solubility studies that acetone and acetone/water mixtures are 

the best solvent systems to be used in spray drying due to the greatest solubility o f CTZ 

in acetone/water mixtures.

5.2.2.1.1. Impact of solvent composition and feed concentration
Due to the use of acetonic solutions of CTZ as the processing feed, the closed mode 

configuration was used, as recommended for safety reasons (Biichi 93001 en.). The concentration 

o f CTZ in the liquid was set to 0.5% w/v and kept constant regardless o f the acetone content 

in the mixture. This concentration o f CTZ was the highest possible to be used in order to obtain a 

solution even at low ratios o f acetone.

CTZ spray dried from pure acetone (#5.2) was PXRD crystalline. The Bragg peaks pattern 

was consistent with the starting “as supplied” material (#5.1) powder with only slight differences
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in peak intensities (Fig. 5.2). The DSC trace was essentially identical to that of the unprocessed 

CTZ with one endothermic peak ascribed to melting with an onset at -370 °C, which compares 

to an onset of -363.5 °C for the starting CTZ sample (Fig. 5.3). No other thermal events indicating 

either residual solvent content or recrystallisation were detected by DSC (Fig. 5.3 b). The enthalpy 

of melting (fusion) could not be determined due to decomposition of CTZ on melting (36% mass 

loss by TGA evaluated between onset and endset of melting).

,  -(8000 ops)
Cl-T

105 15 20 25 30 35 40

2 theta (degrees)

Fig. 5.2. XRD of a) CTZ recrystallised from acetone (#5.1*), b) CTZ starting material (#1), c) CTZ 

spray dried from 100% acetone in closed mode (#5.2), d) CTZ spray dried from 50% acetone/50% 

water in closed mode (#5.5), e) CTZ spray dried from 50% acetone/50% water in the open suction 

mode (#5.7), f) CTZ spray dried from 100%) ethanol (#5.12) and g) CTZ spray dried from aqueous 

boiling solution (#5.18).

To compare the impact of acetone/water ratio on the thermal and solid-state properties 

of the processed powders, a set of CTZ solutions based on the acetone/water volume ratios 

of 9:1, 7:3, 5:5 and 3:7 was prepared and spray dried (#5.3-6). The spray dried samples were 

PXRD crystalline but the relative peak intensities varied depending on the acetone content 

in the feed. A PXRD pattern of CTZ spray dried from a 1:1 acetone/water mixture (#5.5) is 

presented in Fig. 5.2c. DSC showed that the melting endotherm of the CTZ samples occurred
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sharply at around 370 °C and was followed by thermal decomposition o f CTZ. The melting point 

was observed to be steady and did not vary by more than 2 °C for the powders processed from 

solutions containing 50% v/v and more o f acetone. For the 30% acetonic sample (#5.6) the melting 

point shifted to -360  °C (Fig. 5.3c, sample #5.5). TGA analysis indicated the residual solvent 

content for all acetone/water CTZ systems was in the range from 0.1 to 0.6%, and the higher 

the water proportion in the feed the greater mass loss on drying was noted.

Due to the solubility limits it was impractical to investigate the change of spray drying 

conditions for each of the solvent composition points. Therefore only the acetone/water 9:1 v/v 

mix, as the solvent mixture at which the greatest solubility o f CTZ was measured, was chosen for 

further studies. This solvent mix was giving the largest flexibility regarding solid concentration in 

drying feed. The melting point of a sample spray dried from a 5% w/v solution (#5.9) was -366  °C, 

which compares to -369  °C measured for the 0.5% w/v. PXRD analysis (Fig. 5.2) o f samples #5.3 

and #5.9 recorded relatively high and comparable Bragg peaks intensities, indicating apparently 

high crystallinity o f these two batches of CTZ.

Changing the inlet temperature o f the process did not impact on the solid-state properties 

o f CTZ. The sample spray dried from the acetone/water 9:1 v/v mix at an inlet temperature 

o f 100 °C (#5.10), the same as that used for ethanolic feed solutions (#5.12, #5.14), was crystalline. 

The peak intensities were however different and the main peak at 22.4 20 o f the powder processed 

at 100 °C (#5.10) was twice as intense as that o f the sample spray dried at 80 °C (#5.3).
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Fig. 5.3. DSC o f a) CTZ starting material (#5.1), b) CTZ spray dried from 100% acetone in closed 

mode (#5.2), c) CTZ spray dried from 50% acetone/50% water in closed mode (#5.5), d) CTZ 

spray dried from 50% acetone/50% water in open mode (#5.7), e) CTZ spray dried from 100% 

ethanol (#5.12), f) CTZ spray dried from 50% ethanol/50% water (#5.15), g) CTZ spray dried from 

aqueous solution kept at room temperature (#5.17) and h) CTZ spray dried from aqueous boiling 

solution (#5.18).

The solid-state fransformations o f CTZ were easily identified by DSC and PXRD. 

All samples, regardless o f the solvent and process parameters employed, exhibited a melting event 

in the DSC scan. This was the sole process visible in the DSC scan for X-ray crystalline CTZ, 

while all X-ray amorphous powders showed either a single or double exothermic peak. The two 

exotherms may be assigned to recrystallisation and a solid/solid transition or crystal rearrangement, 

respectively, similar to the thermal behaviour exhibited by amorphous sulfapyridine 

(Bottom, 1999).

FTIR presented no visible structural changes occurring in CTZ upon processing 

and all spectra o f the samples spray dried from acetonic solutions (#5.2-11) were superimposable 

(Fig. 5.4).
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The particles spray dried from the 0.5% w/v solutions were spherical in shape with rough, 

porous surfaces as observed by SEM (Fig. 5.5). Rarely agglomerates were visible and in general 

the powders were homogeneous with well isolated particles (Fig. 5.5 b-d). The largest pores were 

evident for the particles spray dried from pure acetone.
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Fig. 5.4. FTIR o f a) CTZ starting material (#5.1), b) CTZ spray dried from 100% acetone in closed 

mode (#5.2), c) CTZ spray dried from 50% acetone/50% water in closed mode (#5.5), d) CTZ 

spray dried from 50% acetone/50% water in open mode (#5.7), e) CTZ spray dried from 100% 

ethanol (#5.12) and f) CTZ spray dried from aqueous boiling solution (#5.18).
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Fig. 5.5. SEM of a) CTZ starting material (#5.1), b) CTZ spray dried from 100% acetone in closed 

mode (#5.2), c) CTZ spray dried from 90% acetone/10% water in closed mode (#5.3), d) CTZ 

spray dried from 50% acetone/50% water in closed mode (#5.5), e) CTZ spray dried from 100% 

ethanol (#5.12) and f) CTZ spray dried from aqueous solution (#5.17).

Specific surface area ( T b e t )  values of CTZ spray dried from acetone/water and from pure 

acetone (Table 5.3) revealed that spray drying led to an increase in the specific surface area 

of about 7 (#5.6) to 10 (#5.2) times when compared with the starting CTZ powder (#5.1). Particle
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size analysis showed that the solvent type, feed concentration and drying mode did not have 

a significant effect on the median particle size of spray dried CTZ. The median particle sizes 

(by laser diffraction) varied between 2.2 and 2.7 nm (Table 5.3). True density values obtained 

for the spray dried materials (#5.2-6) were significantly (p<0.05) lower than that of the unprocessed 

CTZ sample #5.1 (1.798±0.001 g/cm^) and varied between 1.756±0.002 to 1.770±0.002 g/cm^ 

of (Table 5.3).

Table 5.3. Specific surface area by BET ( T b e t ) ,  by laser diffraction (T ld), median particle size 

(d(50)) and surface weighted mean particle size (d[3,2]) and true density (do) results of CTZ spray 

dried from ACAV mixtures (abbreviations as Table 5.2).

Sample T bet fm V g l T ld [m V g l d(50) fmni d[3^1 \iim] do fg/cm l̂
#5.1 0.50±0.00 0.38±0.01 12.6±0.1 8.9±0.2 1.798±0.001
#5.2 5.35±0.07 1.79±0.02 2.7±0.1 1.9±0.0 1.770±0.002
#5.3 4.55±0.07 1.77±0.14 2.6±0.1 1.9±0.2 1.762±0.003
#5.4 3.85±0.07 1.66±0.02 2.7±0.1 2±0.0 1.756±0.002
#5.5 3.50±0.00 1.63±0.01 2.5±0.1 2±0.0 1.753±0.001
#5.6 3.40±0.14 1.73±0.02 2.2±0.1 1.9±0.0 1.756±0.002

HLPC analysis carried out on the samples spray dried from acetonic solutions showed 

no evidence of chemical decomposition when compared to the starting CTZ material.

5.2.2.1.2. Impact of spray drying mode
A laboratory spray dryer Biichi B-290 can operate in three different modes, as described 

in Methods. Although the closed mode is recommended to be used when processing from organic 

solvents, it was of interest to study the effects of changing instrument configuration.

Open mode yielded (both suction and blowing configuration), surprisingly, samples (#5.7, 

#5.8) that were amorphous (a sample PXRD trace is presented in Fig. 5.2d). This was in contrast 

to the solid-state nature of CTZ spray dried in the closed mode setting. The halo patterns indicated 

the amorphous nature of the samples, however a very weak peak at 22.0 29 could be distinguished 

for the powder spray dried in the open suction mode. This sample (#5.7) presented two 

recrystallisation exotherms with onsets at 110 °C (AH of 10.2 J/g) and 130 °C (AH of 12.5 J/g) 

and melting at 363 °C, different to that processed in the open blowing mode which presented only 

one, sharp exotherm with an onset at 110 °C (AH of 24.4 J/g) and melting at 368 °C. Also, no glass 

transition temperature events (Tgs) were observed.

Nonetheless, FTDR. presented a spectrum overlapping with those of crystalline samples 

(both unprocessed CTZ and CTZ spray dried in the closed mode. Fig. 5.4) despite the fact that 

thermal analysis and PXRD suggested that the samples were predominantly amorphous 

in nature.
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S.2.2.2. Spray drying CTZ from ethanol and ethanol/water and water 

solutions
Samples spray dried from ethanol (#5.12, #5.13) and ethanol/water mixtures (#5.14-16) 

(data not shown) were amorphous as determined by PXRD which showed only broad halo patterns 

as presented, for example on figure 5.2 f  Recrystallisation peaks, but no Tgs, were clearly visible 

in DSC thermograms (Fig. 5.3 e, f) in contrast to CTZ samples spray dried in the closed mode from 

acetone/water mixtures where no recrystallisation was observed (Fig. 5.3 b, c). The exotherms were 

located between around 110 °C and 127 °C (onset temperatures) and their shapes were different 

depending on the ethanol/water ratio. Some o f them were presented as double exothermic events. 

Enthalpy o f recrystallisation varied from -42.4  J/g (for pure ethanol) to 63.8 J/g (for the 9:1 v/v 

ethanol/water mix #5.14). The melting points determined by DSC ranged from -362 °C 

for the powder spray dried from the 1:9 v/v ethanol/water mixture (#5.16) to -369  °C 

for the sample processed from the 9:1 v/v ethanol/water solution (#5.14). The shift o f melting 

points towards lower temperatures may be due to incomplete recrystallisation of the material.

The impact o f spray drying in the closed mode configuration was also investigated 

and the obtained powder (#5.13) was amorphous with a visible, single recrystallisation exotherm 

with an onset at -119  °C and melting at -365 °C.

FTIR spectrum of the sample spray dried from 100% ethanol (#5.12) was more diffuse 

compared to that of the starting material powder of CTZ (#5.1) and a very broad band between 

3500 and 3700 cm'' characteristic o f a hydrogen bonding network appeared (Fig. 5.4e). Also, 

a weak peak at around 1050 cm ' was visible and suggests that residual ethanol may have been left 

after the process. HPLC, again, revealed no significant chemical degradation o f CTZ when spray 

dried from ethanol (p>0.05).

Particles o f the CTZ powders formed upon spray drying in the open mode from ethanol 

(#5.12) had porous exteriors and appeared as having a more compact nature than the particles 

collected after processing from acetonic solutions in the closed mode (Fig. 4e).

Finally, for comparison purposes, spray diying o f CTZ from water was investigated even 

though the solubility o f CTZ in water is very low (0.02% w/v). Initially, a 0.02% w/v solution was 

prepared and spray dried (#5.17). The feed mixture was kept at room temperature (RT). 

The powder obtained was PXRD amorphous and the DSC pattern presented a broad, double 

exotherm with an onset at -120  °C and peaks at 141 °C (AH of 33 J/g) and 159 °C (AH of 67 J/g) 

(Fig. 5.3 g). The onset of melting was at -361 °C, which was considerably lower than that 

o f the starting material powder. No Tg event was observed.

In order to increase the feed concentration o f CTZ, spray drying from a boiling feed 

solution was investigated. This allowed the solubility o f the CTZ in water to be increased to 0.1%> 

w/v. The powder (#5.18), again, was PXRD amorphous (Fig. 5.2g) but with a different DSC trace
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compared to that processed from an aqueous solution kept at RT. A clear Tg midpoint was 

recorded at -135 °C. This was followed by a single exotherm with an onset at 168 °C (Fig. 5.3 h). 

StepScan analysis confirmed the location of Tg to be at 135.3±0.6 °C with a specific heat change 

(ACp) o f 0.19±0.01 J/g °C. Due to the higher onset of the recrystallisation exotherm in the DSC 

for CTZ spray dried from hot water, it can be concluded that this sample is more thermally stable 

than that processed from a solution held at RT, for which the recrystallisation exotherm appeared 

to overlap with the Tg. The sample spray dried from a hot aqueous solution was also the sample 

with the highest onset of recrystallisation among all processed batches o f CTZ (including the 

acetonic samples) however, crystalline peaks were detected after 8 hours o f storage at RT 

and relative humidity o f about 40% RH, suggesting that the overall physical stability o f the sample 

was poor.

The shifts of absorption bands observed by FTIR for the sample spray dried from water 

(#5.17) were greater than those observed for the samples spray dried from ethanol (#5.12) 

and the N-H stretch peaks moved from 3331 and 3245 cm ' to 3360 and 3264 c m '\ respectively. 

Also, a broad band at 3500-3700 cm"' was noticed, similar to that observed for the samples spray 

dried from ethanolic solutions, but o f a greater intensity. The spectrum was also more diffuse 

compared to that of CTZ processed from 100% ethanol (Fig. 5.4 f).

CTZ spray dried from water resulted in a powder (#5.17) comprised of spherical 

and partially fused together particles with a porous morphology (Fig. 5.5 f).

The powder obtained on spray drying from the boiling solution was tested by HPLC for chemical 

degradation. Only around 90% of intact CTZ was recovered.

5.2.3. Crystallinity of spray dried CTZ
All samples spray dried from either pure ethanol, water or ethanol/water systems were 

amorphous in nature. Crystallinity of the acetonic CTZ samples was, however, dependent 

on the spray drier configuration, with the open mode yielding amorphous samples. The samples 

obtained by processing of CTZ from acetone/water solutions in the closed mode were 

all crystalline. It was o f interest, observing the different peak intensities of CTZ powders spray 

dried in the closed mode, to evaluate the ability of PXRD analysis to differentiate between 

the samples and assess the degree of crystallinity with varying acetone/water ratio. The feed 

concentration was kept constant, therefore only samples processed from 0.5% w/v solutions were 

investigated.

CTZ recrystallised from acetone (Chapter 3) (henceforth referred to as #5.1*) was chosen 

as a reference of a ftilly crystalline sample to calculate the relative crystallinity o f the commercial 

CTZ “as supplied” and CTZ spray dried from the different ratios o f acetone and water. SEM 

of the commercial sample (#5.1) indicated that the material was micronised (Fig. 4a). The PXRD 

pattern was typical for a micronised sample, with peak positions the same as for sample #5.1*
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(Fig. 5.2. a) but with lower intensities. As shown above, the spray dried powders were also 

crystalline with peak intensities decreased even further compared to the commercial sample. It was 

therefore apparent that the degree of crystallinity of the processed materials was lower 

and moreover, it was noted that the peaks broadened compared with the recrystallised CTZ 

indicating that the crystallite size had also changed (Torrado et al., 1998) as a result of spray drying 

or micronisation. The Scherrer equation (Eqn. 5.1) was employed to estimate the crystallite size 

(Torrado et al., 1998):

KX
^XRD

Eqn. 5.1.

Where dxRo is the crystallite size, p is the difference in the ftill width at half-maximum 

(FWHM) values of the peaks between broadened and standard maxima, A” is a constant 

(0.89 (Wang et al., 2007)), 1 is the wavelength (1.54056 A) and 6 is the diffraction angle. This 

equation reveals that larger values of FWHM indicate smaller crystallite sizes. However, since 

no correction for the particle shape was implemented the values obtained are relative rather than 

the absolute sizes (Torrado et al., 1998).

The percent of relative crystallinity (RC) (Eqn. 5.2) of the spray dried samples was 

calculated by summing the areas (Ap) of all the peaks of the PXRD pattern of the tested sample (S) 

and comparing to the commercial sample (Ahn et al., 2002).

RC = i= \ Eqn. 5.2.

(=1

In this comparison the commercial, “as supplied” sample was used as a reference rather than CTZ 

recrystallised from acetone due to the strong preferred orientation effects, as large variability of 

peak intensities, when compared the PXRD patterns of the recrystallised 

and commercial powder batches, was observed.

Since spray drying is a process of forming a solid from its solution, it was of interest 

to investigate if the degree of powder crystallinity is related to the size of crystallites forming 

particles. A crystallinity index (Ci) was calculated from the FWHM including the average 

broadening factor for all of the peaks in the PXRD pattern of the tested sample (S) and comparing 

an inverse of this to micronised CTZ as 100% Ci (Eqn. 5.3).

/Re /

Cj = ------ ^ -------------------  Eqn. 5.3.
^FWHM,s
i= l
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The greatest reduction in RC was observed for the sample spray dried from 1:1 v/v AC/W 

(#5.5) but this system was comparable to that spray dried from pure AC (#5.2) and 7:3 v/v ACAV 

(#5.4) (Table 5.4). The most crystalline o f the spray dried materials was #5.3, CTZ prepared 

from 9:1 v/v AC/W. The same sample also had the largest crystallite sizes and the greatest Cj. 

The RC and Ci correlated quite well except for the sample spray dried from 3:7 v/v AC/W- sample 

(#5.6). This relationship may be expected to be observed for spray dried materials as the crystals 

are formed in situ during the process from solutions, the bottom-up approach, in contrast 

to micronisation, for example, where larger structures are subjected to mechanical stress leading 

to breaking up of such particles. The size and number o f crystallites formed depends on the process 

parameters and therefore may reflect the overall degree o f crystallinity o f such formed material.

It may also be concluded that the reduction in crystallinity observed for the samples was 

mainly due to crystal defect rather than amorphisation as no exotherm was seen in the DSC traces.

115



Chapter 5 Results and discussion

Table 5.4. Comparison o f the full width at half-maximum (FWHM, [°]), crystallite size (nm), 

relative degree of crystallinity (RC), crystallinity index (Ci) and initial solution saturation (So) for 

CTZ recrystallised from acetone (#5.1*), raw material (#5.1) and spray dried CTZ (#5.2-6).
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5.2.4. Investigations into the cause of the variable solid-state properties of 

spray dried CTZ
Having spray dried CTZ from a range o f solvents and solvent mixtures, investigating 

the feed concentration and instrument configuration impact, it is obvious that CTZ can be rendered 

either amorphous or crystalline, depending on the choice o f processing parameters. Spray drying 

is a process o f a solid precipitation which combines two unit operations: crystallisation and drying 

with a high level of process parameters control. Thus an understanding o f the process requires 

an understanding o f conventional crystallisation processes and the very quick evaporation/drying 

step typical of spray drying.

Factors known to have an effect on crystallisation can be thermodynamic in nature. They 

include parameters such as boiling/melting points, solute activity (concentration), solute solubility, 

diffusivity, viscosity etc. (Rodriguez-Homedo, 2006). In the present work as only one substance 

is investigated, the solid-state changes observed for different spray dried samples cannot be 

attributed to differences in the solute properties. The physicochemical characteristics of spray dried 

material will therefore be dictated by the solvent used and/or process conditions.

Leong (1981) stated that the process of particle formation in spray drying is considered 

to be a 2-phase process. Firstly, evaporation of the solvent occurs to the onset o f crystallisation 

o f the solute and the second phase is the growth of the crystal(s) to the complete evaporation 

o f the solvent. Crystallisation in spray drying will initiate on the surface where the solute 

concentration is the highest and the concentration gradient is formed as a result o f the low 

diffusivity o f the solute. The solution supersaturates substantially before homogenous nucleation 

occurs. In the context of spray drying Vehring (2008) defined a so called “precipitation window” 

(tp), a time closely related to the time available for the solute to recrystallise. Vehring (2008) stated 

that for components that do not readily crystallise, the characteristic times associated with crystal 

nucleation are frequently longer than the tp and a partially or fully amorphous solid is formed. 

The Tp is defined by Eqn. 5.4.

where Td is the characteristic droplet drying time, Xsat is the characteristic time to saturation, ro is 

the initial droplet radius, k  is the solvent evaporation rate. So is the initial solution saturation (ratio 

o f initial feed concentration to solubility o f the solid) and E is surface enrichment in the solute. The

concentration in a droplet.

Equation 5.4 indicates that the larger the droplet size the longer will be td (for a particular 

solvent composition and solution concentration) and thus the more likely it is that the solute will 

recovered from the spray drying process as a crystalline material. Since the nozzle used to spray

Eqn. 5.4

E parameter is further defined as the ratio o f the solute surface concentration to the average solute
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dry the samples was identical and the solute concentration was low (not exceeding 5% w/v), it is 

assumed that the droplet size is determined mainly by the surface tension of the solvent. 

The surface tension, at 20 °C, of water, ethanol and acetone is 72 mN/m, 22 mN/m and 23 mN/m, 

respectively (Muratov, 1980). Surface tension will decrease with an increase in temperature 

(e.g. surface tension of water at 150 °C is 48.2 and the surface tension of ethanol at 100 °C is

15.3 mN/m (Muratov, 1980). Based on these surface tension values, the largest initial droplet size 

(and thus the expected greatest crystallinity) should be for the aqueous CTZ solution. The sample 

spray dried from water was, however, amorphous in contrast to samples spray dried from acetonic 

solutions.

The time available to crystallisation can be increased if the rate of evaporation (k ), surface 

enrichment (E) and the solution saturation (So) are decreased. The rate of evaporation is dependent 

on the solvent or a solvent mix and can be decreased by reducing the effective inlet temperature 

of the process. The vapour pressure of acetone is 210.5 kPa at 80 °C and 363.6 kPa at 100 °C; 

the vapour pressure of ethanol is 225.7 kPa at 100 °C, while the vapour pressure of water is

47.4 kPa at 80 °C, 101.3 kPa at 100 °C and 617.7 kPa at 160 °C (Lides and Frederikse, 1995) 

Comparing the evaporative properties of the solvents at the same temperature (e.g. 80 °C) it can be 

noted that the rate of evaporation from water is the lowest of the three solvents. However, the rate 

of evaporation at the inlet temperature used (i.e. 160 °C for water) is greatest for water compared 

to the other solvents (spray dried at inlet temperatures of 80 °C or 100 °C). This is therefore 

consistent with the observation that the aqueous sample is amorphous. Following this reasoning, 

it would be expected that the sample spray dried from 90% acetonic solution at 100 °C would be 

less crystalline than that processed from the same solvent composition at 80 °C, however 

the experimental data shows the opposite effect. Surface area increases with an increase in 

the content of the organic solvent.

The configuration of the spray dryer has a profound effect on the solid-state properties 

of CTZ as all samples processed in the open mode, with exception of sample #5.11, were 

amorphous. All acetonic, but not the ethanolic samples were crystalline when dried in the closed 

loop mode. It is known that the evaporation kinetics in the closed-loop spray dryers is different due 

to the higher relative content of solvent in the drying gas (Dobry et al., 2009).

According to Eqn. 5.4, surface enrichment (E), defined as the ratio of the solute surface 

concentration to the average solute concentration in a droplet, and the solution saturation (So), 

described as the ratio of the feed concentration to the solubility of the solute in a given solvent, 

should be kept low to form samples which are crystalline in nature. The So for pure acetone (feed 

concentration of 0.5% w/v) is 0.57, while that for pure ethanol (feed concentration of 0.03% w/v) is 

0.45 and for water (feed concentration of 0.02% w/v) is 1. When 90% acetone/10%) water was 

used, the So changes to 0.09 (feed concentration of 0.5%> w/v) and 0.9 (feed concentration of 5%) 

w/v). No differences in crystallinity were observed for the latter case when the feed concentration
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differed 10-fold, but the changes in So seem to follow the trend o f changing crystallinity when 

the impact of acetone content in the feed was investigated (Fig. 5.6) (Section 5.2.2.1.).

100 n
#5.3

90 -

80 -

70 -

#5.6♦  #5.2

#5.5
60 -

#5.4
50 -

0.2 0.4 0.6 0.8

Fig. 5.6. Initial solution saturation (So) versus a) relative crystallinity (RC) (triangles) 

and b) crystallinity index (Ci) (diamonds).

The molecular recognition factors that also may affect the crystallinity o f the spray dried 

product include specific interactions between the solute and solvent molecules and their abilities 

to form molecular networks (Rodriguez-Homedo, 2006). A functional group (here from a solvent 

molecule) with a high affinity to a particular chemical group o f the crystallising API ensures 

the anchoring o f the molecule on a particular face and this protects the surface from coalescing 

with the next. The mechanism could be based on either electrostatic repulsion or steric hindrance 

and may lead to the inhibition o f growth o f a crystal face.

The solvents used in this work possess different properties as regards their polarity 

and H-bond donor/acceptor characteristics. Acetone can only be an H-acceptor (due to the C=0), 

ethanol has an -O H  group that could be either an H-donor or H-acceptor and water is known to be 

a strong H-donor and acceptor. The dielectric constants (related to the polarity o f the solvent 

molecules) and Hansen solubility parameters for the CTZ and solvents are summarised 

in Table 5.5.
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Table 5.5. Hansen solubility parameters and dielectric constants of CTZ and solvents investigated. 

The solubility parameters (Hancock et al., 1997) of CTZ were calculated as specified earlier 

(Tajber et al., 2005).

Substance Dielectric
constant

Total 
solubility 

parameter 
(8.) fMPâ ""!

Dispersion 
component 

(5d) [M Pa''']

Polarity
component

(6p)[M Pa‘'̂ ]

H-bond 
component 

(8h) [MPa*""]

CTZ - 26.0 22.0 6.3 12.4
Acetone 20.5 19.2 15.5 10.4 7.0
Ethanol 24.9 26.2 15.8 8.8 19.4
Water 78.4 48.0 15.3 16.0 42.3

It has been determined earlier that CTZ has a crystal lattice very rich in H-bonds resulting 

in the very high melting point o f this substance (Chapter 3). It is therefore reasonable 

to hypothesise that the solvent with a greater H-bond donor/acceptor capacity will have the most 

influence on the crystallinity o f the spray dried CTZ. Therefore, if CTZ is spray dried from water, 

an amorphous sample is expected to be obtained due to interactions o f water molecules 

with H-bond donor/acceptor moieties o f CTZ, thus inhibiting nucleation and/or growth o f API 

crystallites. However when acetone is used, CTZ is presumed to be more crystalline, consistent 

with the low H-bond component o f the solubility parameter for this solvent.
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5.3. Conclusions
Choice o f solvent used for spray drying, apart from determining usable feed concentration, 

has a profound effect on the physicochemical and micromeritic properties o f the spray dried 

powder. These properties may also be affected by the spray dryer setup (open or closed mode) 

and processing parameters such as the inlet temperature. PXRD analysis proved useful 

in the assessment o f differences in relative crystallinity and the crystallinity index of chlorothiazide 

powders spray dried from different solvents and using different process parameters. All assessed 

parameters have an impact on the precipitation window. Solvent choice determines the initial 

concentration o f the solute. The greater is the solute concentration the shorter is the precipitation 

window, promoting the production o f the amorphous form of solid. The faster the evaporation rate 

o f the solvent used, the smaller is the precipitation window, thus the open mode o f drying without 

recirculation of traces o f not-recovered solvent vapours together with higher inlet temperature 

promotes the recovery of an amorphous form of the solid. The production o f the crystalline form of 

a given API in a spray drying process may be promoted or inhibited due to API/solvent 

interactions.
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6.1. Introduction
Particles characterised by a porous morphology have been reported to have advantageous 

properties over non-porous materials when formulated in a variety o f dosage forms. Hirst et al. 

(2002) described favourable pulmonary deposition o f micron-sized porous particles produced 

by spray drying from emulsions (Pulmospheres™). The microparticles formed stable 

homodispersions in propellant systems when formulated as pressurised metered dose inhalers 

(pMDIs). Dellamary et al. (2000) reported a better physical stability o f suspension pMDIs 

containing porous particles over conventionally micronised materials. Nolan at al. (2011) reported 

favourable aerodynamic properties of spherical nanoporous microparticles (NPMPs) o f sodium 

cromoglicate formulated as a dry powder inhaler (DPI) over non-spherical NPMPs, nonporous 

spray dried microparticles and micronised (milled) drug. NPMPs were reported to present a large 

specific surface area. Materials with a large surface area usually present favourable compaction 

properties, facilitating dry roller compaction or/and direct compression in tabletting. Korhonen 

et al. (2002) reported that large specific surface area together with high moisture content was 

a favourable property o f starch acetate used in direct compression, especially for small particles 

o f irregular and rough surface morphology. Thus large surface area/porous materials may 

be considered to be useful as binders in tablet formulations. Materials with large specific surface 

areas and porosity may also be used as efficient carriers for liquids. Such a possibility was 

exploited by Carretero et al. (2009), who successfully incorporated both hydrophobic 

and hydrophilic emulsions into porous, solid matrix-carrier (hydroxyapatite). Takeuchi (2005) 

reported that rapidly dissolving tablets containing a solid dispersion o f indomethacin and porous 

silica particles produced by co-spray drying presented favourable dissolution properties over tablets 

prepared from physical mixtures of indomethacin and porous silica. Additionally, the tensile 

the strength of tablets comprising the co-spray dried system was much higher than that of tablets 

containing the physical mix.

NPMPs are novel types of particles produced by spray drying. Production and 

characterisation o f excipient-free NPMPs was first reported by Healy et al. (2008) who stated that 

NPMPs of hydrophobic bendroflumethiazide could be obtained by spray drying from mixed 

solvent solutions (methanol/water or ethanol/water) containing ammonium carbonate as a pore 

forming and process enhancing agent. The API feed concentration was 2% w/v 

and resulted in the production o f an amorphous powder consisting o f particles with visibly porous 

morphologies. Later, in 2009 Nolan et al. reported the production o f budesonide NPMPs 

for pulmonary delivery. These NPMPs were spray dried from 1% w/v ethanolic solutions 

with and without ammonium carbonate using a Biichi-290 spray dryer in the open drying mode 

(where the drying gas passes once through the spray dryer and then is released to the atmosphere). 

Attempts to obtain budesonide NPMPs from methanol/water solutions by spray drying 

in the closed mode (where the drying gas is recirculated through the spray dryer) failed and resulted
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in non-porous material. The failure was attributed to worse solvent evaporation conditions 

in the closed drying mode. The largest specific surface area was obtained for budesonide NPMPs 

spray dried from an ethanolic solution in the open mode and was 10.5 mVg. Ni Ogain et al. (2011) 

described for the first time the preparation of NPMPs o f hydrophilic materials, i.e. carriers of 

raffmose and trehalose. Due to the hydrophilic nature o f these materials, the sugars were spray 

dried from methanol (MeOH)/butyl acetate (BA) solvent systems mixed at different proportions 

such as 1:1, 3:2, 7:3, 4:1 and 9:1 v/v MeOH:BA. The feed concentrations used were low and were 

0.5% w/v for trehalose and 1% w/v for raffmose. Also, the drying process was carried out 

in the closed mode in contrast to the earlier ethanolic systems. The largest specific surface area 

measured for both sugars was approximately 44 m^/g. The largest specific surface area of an NPMP 

system reported to date was for another hydrophilic material, sodium cromoglicate, and was 

98 mVg (Nolan et al., 2011). In this case a very low active pharmaceutical ingredient (API) 

concentration o f 0.3% w/v was used and the solvent system employed was a mix o f MeOH 

and BA.

The above studies on NPMPs indicate that particles with porous morphology and large specific 

surface area can be obtained, especially when the solvent system is MeOH/BA. The impact o f feed 

concentration has not been investigated to date, although studies on spray diying suggest that this 

factor may have an impact on the physicochemical properties o f the particles formed (Vehring et 

al., 2007). The spray dryer configuration (open versus closed mode) was investigated by Nolan et 

al. (2009) for the ethanol/water combination, but this was not assessed for the MeOH/BA system, 

because of safety considerations.

The production and characterisation o f chlorothiazide sodium (CTZNa) and potassium 

(CTZK) have extensively been presented in Chapters 3 and 4 and these two APIs were chosen 

as model hydrophilic compounds. Their good aqueous solubility and hydrophilic nature indicates, 

on the basis o f previous studies (Ni Ogain et al., 2011; Nolan et al., 2011), that NPMPs should be 

obtained by spray drying from MeOH/BA solvents system. The goals o f this work were therefore 

to investigate if it was possible to obtain NPMPs of hydrophilic model compounds from a feed 

concentration higher than that reported to date (1% w/v) and to systematically assess the impact 

of the feed concentration, MeOH/BA solvent ratio and spray drying mode on morphology 

and other micromeritic properties including surface area o f the NPMPs produced. Also, despite 

spray drying being a widely used technological process for the production o f microparticles, no 

systematic classification o f the morphology o f sprays dried particles has been introduced to date. 

In the context o f the present work we introduce a morphology classification system which may be 

applied to all spray dried microparticles.
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6.2. Results and discussion

6.2.1. Spray drying

Spray drying conditions for CTZNa and CTZK are listed in table 6.1.

Table 6.1. Spray drying conditions for CTZNa and CTZK samples. Sample numbers in this table 

correspond to samples numeration in the text. Cmcoh is the concentration of MeOH in the 

MeOH/BA solvent mixture.

Sample 
(No #) Solvent system C mcOH

(%v/v)

Feed 
conc. (% 

w/v)

Inlet
temp
CC)

Outlet temp
( ”C )

Mode*

#6.1. CTZNa Water - 2.0 160 99 OM-S
#6.2. CTZK Water - 2.0 160 101 OM-S

#6.3. CTZNa MeOH/BA 30 0.5 120 87 CM
#6.4. CTZNa MeOH/BA 40 0.5 120 92 CM
#6.5. CTZNa MeOH/BA 50 0.5 120 97 CM
#6.6. CTZNa MeOH/BA 60 0.5 120 98 CM
#6.7. CTZNa MeOH/BA 70 0.5 120 98 CM
#6.8. CTZNa MeOH/BA 80 0.5 120 98 CM
#6.9. CTZNa MeOH/BA 90 0.5 120 99 CM
#6.10. CTZNa MeOH 100 0.5 80,100 75,87 CM

#6.11. CTZK MeOH/BA 60 0.5 120 97 CM

#6.12. CTZNa MeOH/BA 30 2.0 120 98 CM
#6.13. CTZNa MeOH/BA 40 2.0 120 98 CM
#6.14. CTZNa MeOH/BA 50 2.0 120 98 CM
#6.15. CTZNa MeOH/BA 60 2.0 120 99 CM
#6.16. CTZNa MeOH/BA 70 2.0 120 100 CM
#6.17. CTZNa MeOH/BA 80 2.0 120 101 CM

#6.18. CTZK MeOH/BA 30 2.0 120 98 CM

#6.19. CTZNa MeOH/BA 30 2.0 120 99 OM-B
#6.20. CTZK MeOH/BA 30 2.0 120 99 OM-B

OVI-S -  open, suction mode, OM-B -  open, blowing mode, CM- closed mode.
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6.2.2. Morphology and micromeritic properties of spray dried CTZNa 

and CTZK
Different morphologies o f the spray dried particles were observed when spray drying 

conditions and solvent type were varied (Fig. 6.1). Therefore, to facilitate the description o f the 

different appearances, a systematic and easy classification system describing the morphology was 

developed. It is referred to as a Morphology Classification System (MCS) for spray dried (SD) 

compounds (MCS-SD) (Table 6.2). Firstly, the MCS-SD describes the class of morphology, here it 

recognises 5 different classes from I to V. Secondly, the system introduces a code describing 

the shape o f particles: 1 for generally spherical and 2 for irregular, non-spherical shape o f particles. 

The third symbol indicates the surface description: A for smooth surface particle and B 

for crumpled particles. The last symbol describes the interior o f the particles and it is possible 

to describe: S for solid/non-hollow, H for hollow and X for unknown.

Extensive characterisation o f the sodium and potassium CTZ salts in their various solid- 

state forms was previously reported (Chapters 3 and 4). The dihydrated forms o f CTZNa and 

CTZK were chosen in this study for spray drying from water due to ease of material preparation 

and their known physical stability at ambient temperature in the range of humidities from 10 to 

90% RH (Chapters 3 and 4).

CTZNa (Fig. 6.1a) and CTZK (Fig. 6.1b) materials spray dried from water consisted 

o f microparticles spherical in shape. CTZNa microparticles had smooth surfaces classified as HAS 

(Table 6.2), while CTZK particles had a slightly crumpled morphology classified as IIBS (Table 

6.2), as additional imaging o f spray dried samples #6.1 and #6.2, after grinding in agate mortar 

revealed interiors o f microparticles to be solid (Fig. 6.1 c, d). It is suspected that the crumpling 

in this case is not related to the saturation of the API in the solution feed, as hypothesised 

by Vehring et al. (2007), because the reported aqueous solubilities o f both salts are very similar 

(Chapters 3 and 4). The difference in morphology may be attributed to a higher degree o f plasticity 

o f CTZK, reflected in the lower Tg o f this material (CTZNa: ~192 °C, CTZK: ~160 °C). It has been 

reported that materials with lower Tgs have higher tendency to crumpling (Masters, 2002).

126



Chapter 6 Results and discussion

Table 6.2. Morphology Classification System o f Spray Dried Particles (MCS-SD).

Morp^hology type Description of morphology Sample example #No
Porosity

I Non-porous #6.1, #6.2, #6.9, #6.10, 
#6.17.

II Porous with nano-sized pores #6.3-5, #6.8
III Porous pumice-like #6.15, #6.16
IV Porous sponge-like #6.6, #6.7, #6.11.

V Porous, conglomerates 
of nanoparticles #6.12-14, #6.18-20.

Shape
1 Spherical #6.1-7, #6.10, #6.18-20
2 Non-spherical, irregular #6.8, #6.9, #6.11-17

Surface
A Smooth #6.1, #6.9, #6.17

B Crumpled #6.2-8, #6.10, 
#6.11-16

Interior

S Solid/non-hollow
#6.1, #6.2, #6.10, 
#6.19, #6.20, #6.3-5, 
#6.8, #6.9, #6.12-20

H Hollow N/A
X Unknown #6.6, #6.7, #6.11.

The true density o f amorphous CTZNa microparticles (Table 6.3. #6.1) was 1.837±0.015 g/cm^. 

The specific surface area by BET was 1.3±0.0 mVg and the median particle size (d(50)) by laser 

diffraction was 2.6±0.1 ^m. The true density o f amorphous CTZK microparticles (Table 6.3. #6.2) 

was 1.872±0.003 g/cm^, significantly higher than that for CTZNa (p<0.05). The crumpled 

morphology of CTZK particles did not resuh in a change o f specific surface area o f the powder. 

It was measured to be 1.3±0.0 m^/g, the same as for sample #6.1. The median particle size 

of CTZK of 3.1±0.1 (j,m was slightly larger than that o f CTZNa.
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Fig. 6.1. SEM of CTZNa and CTZK spray dried samples: a) sample #6.1 (HAS), b) sample #6.2 

(IIBS), c) ground sample #6.1, d) ground sample #6.2 e) sample #6.3 (IIB+IIIBS), f) sample #6.4 

(IIIBS), g) sample #6.5 (IIIBS), h) sample #6.6 (IVIBX), i) sample #6.7 (IVIBX), j)  sample #6.8 

(1I2BS), k) sample #6.9 (I2AS) and 1) sample #6.10 (IIAH+IIBH).

To spray dry from MeOH/BA solvent mixtures, CTZNa and CTZK were used in the 

anhydrous forms, in order to prevent introducing another solvent (water) to the spray drying feed. 

It was previously reported (Ni Ogain at al. 2011) that nanoporous microparticles (NPMPs) 

of a hydrophilic system can be formed by precipitation o f the solid in a less volatile solvent 

(antisolvent, BA) when the more volatile solvent (MeOH) is evaporated.
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Table 6.3. Specific surface area, particle size and true density results o f CTZNa and CTZK spray 

dried from methanol/butyl acetate mixtures.

Sample Specific surface 
area fmVg]

Median particle 
size [um] True density [g/cm ]̂

#6.1. CTZNa 1.3±0.0 2.6±0.1 1.837±0.015
#6.2. CTZK 1.3±0.0 3.1±0.1 1.872±0.003
#6.3. CTZNa 33.2±0.2 1.8±0.0 1.744±0.002
#6.4. CTZNa 34.8±0.2 1.7±0.1 1.734±0.004
#6.5. CTZNa 36.7±0.1 1.7±0.0 1.722±0.003
#6.6. CTZNa 66.2±0.2 1.9±0.1 1.727±0.004
#6.7. CTZNa 65.1±0.4 2.0±0.1 1.757±0.003
#6.8. CTZNa 34.8±0.3 2.1±0.1 1.747±0.002
#6.9. CTZNa 26.9±0.4 3.4±0.0 1.719±0.027

#6.10. CTZNa 3.7±0.1 1.6±0.0 1.473±0.001

#6.11. CTZK 57.2±0.5 2.0±0.1 1.862±0.004

Different morphologies o f the processed CTZNa with different degrees o f porosity were 

observed with a change in solvent ratio (Fig. 6.1. samples #6.3.-#6.9.) and classified in Table 6.2. 

The change in morphology was reflected in the increased surface area o f these powders (Table 6.3). 

Sample #6.10 spray dried from 100% methanol (IlA H +llB H  o f MCS-SD) had the smallest 

specific surface area (of those samples spray dried from non-aqueous solvent) of about 3.65±0.07 

m^/g, as it did not form porous particles (Fig. 6.1. I sample #6.10). The specific surface area 

o f sample #6.10 was three times larger than that of sample #6.1 spray dried from pure water, most 

likely due to slight crumpling and/or lower particle size (Table 6.3).

The porosity o f particles did not impact on the measured particle size. For example, sample 

#6.10 spray dried from 100%MeOH and CTZNa spray dried from a MeOH/BA 1:1 v/v mixture 

(#6.5- IIIBS of MCS-SD) had similar median particle sizes o f 1.6 and 1.7 nm, respectively. 

Overall, the median particle sizes for the CTZNa powders varied between 1.7 and 3.4 ^m 

(Table 6.3).

The specific surface area by BET o f the processed samples #6.1-10 showed that the largest 

surface area was determined for sample #6.6 (dried from a 3:2 v/v MeOH/BA mix) followed by 

sample #6.7 spray dried from a 7:3 v/v MeOH/BA solutions with only a slightly, but significantly 

(p<0.05) lower surface area (Table 6.3). Samples #6.6 and #6.7 presented morphology type o f 

rVlBX of MCS-SD. The smallest surface areas were measured for samples #6.9 and #6.10 spray 

dried from a 1:4 v/v MeOH/BA solvent mix and from pure methanol, respectively (Table 6.3). 

The particles o f sample #6.9 were non-spherical, resembling shattered hollow and porous shells 

(Fig. 6.1k.) classified as 12AS, while sample #6.10 was made o f spherical but crumpled (llA H ) 

and smooth (IIBH) particles. A content o f at 20% v/v or less o f BA was found to be critical 

for the formation o f porous particles (Fig. 6.1j, #6.8- II2BS). True density o f the sample spray dried
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from methanol (#6.10) was significantly lower (p<0.05) than density of any CTZNa sample spray 

dried from mixed solvent systems (Table 6.3).

The feed composition which resulted in the largest surface area for CTZNa was also 

utilised with CTZK. Anhydrous CTZK at 0.5% w/v concentration was spray dried in the same 

conditions as those used for sample #6.6 from a 3:2 v/v MeOH/BA solvent system. The resulting 

CTZK sample was named #6.11. Particles o f #6.11 were spherical and porous with similar 

morphologies to sample #6.6 classified as FVIBX of MCS-SD (Fig. 6.1h). BET analysis o f the 

spray dried material determined a specific surface area o f 57.2±0.5 mVg. The median particle size 

was 2.0±0.1^m while the measured true density was 1.862±0.004g/cm^, slightly lower in 

comparison to sample #6.2 spray dried from water.

6.2.3. Effect of increasing feed concentration and spray dryer 

conflguration on CTZNa and CTZK particle morphology
The production o f NPMPs from a solution containing 0.5% w/v o f solids resulted in only 

50 to 60% of the recovered dry material (batch size approximately 1 g). An increase in the batch 

size to 10 g and higher required production yields greater than 60%. Low yield values would result 

in the loss o f large amounts of processed material and clogging o f the filter. One o f the most 

important process parameters, impacting directly on the production yield is the feed concentration 

(Goula and Adamopoulos 2004). Therefore the feed concentration was increased, to the highest 

possible concentration not resulting in precipitation of the solid during feed preparation in ambient 

conditions. Experimentally this was established to be 2% w/v o f anhydrous CTZNa or CTZK in 

MeOH. Addition of BA did not result in precipitation during processing (samples #6.12-#6.20). 

Production yield was thus increased to 75-80%. The change in feed concentration resulted in a 

decrease in Tbet o f the spray dried CTZNa from 66.2±0.2 m^/g (sample #6.6) to approximately 

42.6±0.4 m^/g (sample #6.15- III2BS) when spray dried from 2% w/v solutions (Table 6.4). 

Readjustment of the optimal MeOH/BA ratio was thus required. It was hypothesised that, in order 

to obtain the largest possible surface area, the proportion of the anti-solvent (BA) should be 

increased with an increased concentration o f the solid in the solvent (MeOH). It is hypothesised, 

the solid dissolved in the solvent/antisolvent mixture, due to solvent evaporation starts 

to precipitate in the liquid environment o f antisolvent (BA) (Fig. 6.2. la  and 2 a). In each point of 

volume o f the BA where spontaneous precipitation o f solid occurred due to MeOH evaporation, 

occurs formation of nanoparticles suspended in BA (Fig. 6.2. lb  and 2b) and they grow until 

precipitation o f solid and evaporation o f MeOH is finished (Fig. 6.2. Ic). Finally due to secondary 

evaporation o f BA, nanoparticles stick together forming microconglomerate described 

as morphology o f type V (Fig. 6.2. Id). If the volume of BA is insufficient, nanoparticles merge 

during growth (Fig. 6.2. 2c) prior to final precipitation of solid and final evaporation o f MeOH, 

forming morphologies o f types: IV, III or II (Fig. 6.2. 2d).
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a) b) c ) d )

1.

> I V

2. >  III

Fig. 6.2. Schematic formation o f nanoporous microparticles. 1. Morphology of type V. 2. 

Morphology o f ty'pes: IV, III and II. la, 2a- droplet stage, lb, 2b- precipitation o f solid phase 

(black), Ic- Suspension stage o f nanoparticles in BA, 2c- Bridging stage (bridging of nanoparticles 

due to further solid precipitation) Id- Microconglomeration stage- final evaporation of BA 

and consolidation o f nanoparticles , 2d- Evaporation stage- final evaporation o f BA. 

The brightening gradient o f blue colour mimics reduction of concentration o f solid in volume 

o f solvent until final evaporation o f solvent- white voids remaining.

Therefore, by changing only the proportion o f the solvents, the greatest porosity 

and the specific surface area was obtained for the materials spray dried in the closed mode from 3:7 

v/v MeOH/BA mixture - sample #6.12 (Table 6.4) classified as V2BS. For this sample, the change 

in concentration o f the solid in the feed from 0.5% to 2.0% changed remarkably the class 

o f morphology from I+II (#6.3) to class V.

In general, increasing the ratio o f MeOH:BA resulted in a reduction of porosity (as 

assessed from SEM) and non-porous materials were obtained when the MeOH/BA ratio was 7:3 

and 4:1 v/v (samples: #6.16- III2BS, #6.17- I2AS, Fig. 6.3). Exceptionally, the sample spray dried 

fi"om the MeOH/BA 3:2 v/v mix (#6.15- III2BS) resulted in a larger surface area than that spray 

dried from MeOH/BA 1:1 v/v (#6.14- VIBS). An SEM image of #6.15 showed visually reduced 

porosity (class III o f MCS-SD) in comparison to sample #6.14 (Fig. 6.3- class V). Most likely the 

difference in Tbet was related to the non-spherical shape of the particles (class B o f MCS-SD) 

constituting system #6.15, while #6.14 remained spherical belonging to class A of MCS-SD.
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Table 6.4. Micromeritic parameters of NPMPs spray dried from 2% v/v solid concentration 

and in open blowing mode

Sample Specific surface area [m^/g] Median particle size 
Tumi

#6.12 CTZNa 52.6±0.5 2.2±0.1
#6.13 CTZNa 35.7±0.3 2.1±0.0
#6.14 CTZNa 31.5±0.3 2.1±0.1
#6.15 CTZNa 42.6±0.4 2.4±0.2
#6.16 CTZNa 40.4±0.4 2.9±0.2
#6.17 CTZNa 38.5±0.2 2.7±0.1

#6.18 CTZK 72.0±0.6 2.1±0.1

#6.19 CTZNa 72.3±0.7 2.9±0.0
#6.20 CTZK 90.2±0.9 3.1±0.1

The 3:7 v/v MeOH'BA solvent composition resulted in specific surface area values 

o f 52.6±0.3 mVg and 72.0±0.6 m^/g for CTZNa (sample #6.12- VIBS) and CTZK (sample #6.18- 

VIBS), respectively. Attempts to spray dry CTZK form I (monohydrate) (Chapter 4) from the 3:7 

v/v MeOH/BA mixture resulted in achieving only a 1% w/v feed concentration being achieved 

and a decreased surface area (of 33.5±0.3 m^/g) when compared to sample #6.18.

Further process modification included changing the mode o f the spray dryer from the 

closed to the open, blowing system (as described in Methods 2.2.2.) to ascertain the feasibility 

o f processing in a configuration similar to that used on an industrial scale (Masters 2002). This 

modification resulted in a further significant improvement in the production yields to 90-95% 

(samples #6.19 and #6.20, both classified as VIBS). An additional increase in specific surface area 

of the materials to 72.3±0.7 and 90.2±0.9 mVg for CTZNa (sample #6.19) and CTZK (sample 

#6.20), respectively, was also seen (Table 6.4, Fig. 6 .4 .1).
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g) h)

Fig. 6.3. SEM of CTZNa spray dried systems: a) sample #6.12 (V2BS), b) sample #6.13 (V2BS), 

c) sample #6.14 (VIBS), d) sample #6.15 (III2BS), e) sample #6.16 (III2BS) and f) sample #6.17 

(I2AS), g) sample #6.19 and h) sample #6.20, both VIBS.
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Fig. 6 .4 .1- Specific surface area Tbet and II- median particle size of CTZNa samples spray dried 

from different methanol concentrations.

Figure 6.4. II presents the relationship between d(50) diameter o f the particles and changing 

concentration of methanol in MeOH/BA mixture for materials spray dried from two concentrations 

0.5% w/v and 2.0% w/v. The diameters o f the particles spray dried from the 2.0% w/v solutions are 

about 1.4 times larger than o f those spray dried from 0.5% w/v concentration (a 4-fold difference 

in concentration). This 1.4-fold difference is close to the theoretical ratio o f 1.66 for a 4-fold 

increase in the initial feed concentration assuming that the particles are solid.
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It can be seen from figure 6.4 II that the d(50) diameter for sample #6.9 is significantly larger 

(p<0.05) compared with diameters o f other samples spray dried from 0.5% w/v feed. For the 

samples (#6.12-#6.17) spray dried from the initial feed concentration o f 2.0% w/v a difference in 

d(50) is statistically significant (p<0.05) comparing with the equivalent samples spray dried from 

0.5% solutions (#6.3-#6.8) .

The diameter o f a droplet (Oj) formed from the liquid feed in spray drying was calculated using 

equation 6.1 (Hickey et al., 1994).

An upward trend o f the droplet diameter versus methanol concentration was seen for the 0.5% w/v 

feed solutions with exception o f the 100% methanol feed, where the droplet diameter decreased 

to approximately 10.6 jxm (Fig. 6.5 I)

It was found that the Od showed a linear correlation with d[3,2] values (Fig. 6.5 II). The correlation

Eqn. 6.1.

coefficient (R^) for the set o f values representing samples #6.3-10 was 0.998 and for the data set 

#6.12-17 it was 0.981.

136



Chapter 6 Results and discussion

Table 6.5. Summary o f the results of average particle diameter by surface area by laser diffraction 

d[3,2], estimated particle diameter O ( T b e t )  calculated from specific surface area ( T b e t ) ,  estimated 

specific surface area by laser diffraction Tld» and estimated droplet diameter (Oj) (Eqn. 6.1).
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o âo 00

mmo
oVOo

0000o
oo r-o

00
o

C M00o o o
in
o

'A

1-̂ (N (N O o o o o o o o o o o o o o o o o o

O O O o o o o o o o o o o o o o

E
O-H00

O-H o o-Ho
o-H o o-HOs

o-H o-H o-H o o-Ho
o o41 o

-Ho
o
-H<N

o
-H(N

o o4̂00
o
-Hr- < <

a (N (N <N <N CN <N (N <N <N <N <N <N <N

H

o o O O o o o o o O o o o O o O o o o o
E o

-HON
o
-H(N

o
-H

o
-H

o
-H

o
-H

o
-H

o
-HON

o
-H<N

o
-Hin

o
-HVO

o
-H

o
-HVO

o
-H

o
-HOn

O
-H00

o o
-H

o
-HOn

o
*+io < <

(N <N (N (Nz

■o

Sa
m

pl
e 

(N
o 

#)

#6
.1

. 
C

T
Z

N
a

#6
.2

. 
C

T
Z

K
#6

.3
. 

C
T

Z
N

a
#6

.4
. 

C
T

Z
N

a
#6

.5
. 

C
T

Z
N

a
#6

.6
. 

C
T

Z
N

a
#6

.7
. 

C
T

Z
N

a
#6

.8
. 

C
T

Z
N

a
#6

.9
. 

C
T

Z
N

a
#6

.1
0.

 C
T

Z
N

a
#6

.1
1.

 C
T

Z
K

#6
.1

2.
 C

T
Z

N
a

#6
.1

3.
 C

T
Z

N
a

#6
.1

4.
 C

T
Z

N
a

#6
.1

5.
 C

T
Z

N
a

#6
.1

6.
 C

T
Z

N
a

#6
.1

7.
 C

T
Z

N
a

#6
.1

8.
 C

T
Z

K
#6

.1
9.

 C
T

Z
N

a
#6

.2
0.

 C
T

Z
K

#6
.1

9*
. 

+A
D

#6
.2

0*
. 

+A
D

137



Chapter 6 Results and discussion

18 -

16 -

14 -

12 - #6.3
#6.4

E 1 0 -

§ 8 -
■  *

6 -
^■12 #6.13

4 -

2 -

0 - I

20

#6.9

A
# 6.8 \

#6.5

#6.14

#6.6

#6.15

#6.7

17

#6.16

40 60

C  MeOH [%VA/]

80

\  #6 .10 
\

¥

100

• -  CTZNa Feed conc. 0.5% wA/ -  -  CTZNa Feed conc. 2.0% wA/

14 -

2.5

II

Fig. 6.5. I. Droplet diameter versus concentration o f methanol. II. Droplet diameter in relation 

to particle diameter d[3,2].

138



Chapter 6 Results and discussion

Droplet diameters calculated from Eqn. 6.1 are comparable to those determined by Masters 

(2002) and those presented in the study o f Elversson et al. 2003, where droplet diameters (d(50)) 

of 5 to 20 î im were measured depending on atomisation conditions and initial feed concentration. 

The linear correlation between Oj and d[3,2] observed in this work is consistent with observations 

of Elversson et al. (2003). Elverson et al. investigated the droplet and particle size relationship 

as well as shell thickness of inhalable lactose particles upon spray drying. Measured by laser 

diffraction particles diameters d(10), d(50) and d(90) correlated linearly with the respective values 

of measured droplet diameters.

To calculate the diameter of a particle with the same Tbet as that measured for the powder, 

but assuming the non-porous nature o f that particle the following model was developed. A 

presumption was made that 1 cm^ (lO’  ̂ ^ni^) is represented by a cube with an edge of 1 cm (lO'  ̂

Hm). Assuming that a particle can be represented by a sphere with a radius r o f 1 ^m (diameter O 

of 2 |im), the loose packing (LP) o f spheres in the model cube will result in 5000 spheres placed 

along the edge. Therefore 125,000,000,000 (125-10^) loosely packed spheres with 2 ^m in diameter 

will be packed in the total volume of lO'^ ^m’. Assuming close packing (CP) o f spheres in the 

model cube (-74%  of the total cube volume (Steinhaus, 1999), 176-10’ spheres can now be inserted 

into the model cube. One model sphere (O of 2 |xm) has an area of 12.6 nm^. Assuming LP, the 

surface area o f all spheres is equal to 1575-10’ )jm^ (1.575 m^). Assuming CP, the surface area of 

all spheres is equal to 2218-10’ fxm̂  (2.218 m^). The surface area o f the sphere is inversely 

proportional to the radius of the sphere. The calculated values for LP and CP are presented 

in table 6.5.

The calculated OTbet values well corresponded to median particle sizes obtained from laser 

diffraction for nonporous samples (#6.1,6.2,6.10) and gave probable estimation o f nanoparticles 

size in NPMP microaglomerates. The latter are in the range of tens o f nanometres. The smallest 

OTbet was estimated for sample #6.20, where the average diameter o f nanoparticles forming the 

NPMP microconglomerate was in the range from 35.5 nm for loose packing o f spheres 

up to 49 nm for close packing, this sample also had the greatest T b e t .
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6.2.4. Physicochemical properties of spray dried samples
Both CTZNa (#6.1) and CTZK (#6.2) after spray drying from water were PXRD amorphous 

(Fig. 6.6) as were all the spray dried CTZNa and CTZK samples (#6.3-#6.20, data not shown). 

The amorphous materials were found to be unchanged by PXRD, DSC and HPLC for 6 months 

under the conditions of the stability studies (data not shown).

2000 au

20 degrees

Fig. 6.6. PXRD results of: a) CTZNa dihydrate, b) CTZNa anhydrous, c) CTZNa spray dried from 

water (#6.1), d) CTZNa spray dried from MeOH/BA mixture (6:4 v/v solvent ratio) (#6.6), e) 

CTZNa spray dried from methanol (#6.10), f) CTZK dihydrate, g) CTZK anhydrous, h) CTZK 

spray dried from water (#6.2), i) CTZK spray dried from MeOH/BA mixture (6:4 solvent ratio) 

(#6 . 11).

Considering previous studies of crystal forms of CTZNa and CTZK (Chapters 3, 4), 

obtaining amorphous forms of CTZNa and CTZK salts on spray drying can be ascribed to two 

factors. The first aspect is related to the fast, highly-energetic process of solvent evaporation in 

spray drying. The evaporation is fast enough to prevent crystal nucleation after the concentration of 

solid in drying droplets reaches supersaturation. Spray drying was previously reported as an 

effective method for the production of amorphous APIs by Corrigan et al. (1984). The second 

aspect is related to the hydrated nature of both solids (Chapters 3 and 4). CTZNa and CTZK need 

molecules of a solvent (water or ethanol) in order to develop the crystal lattice. Due to the rapid 

solvent evaporation (or excluding water using organic solvents and anhydrous salt forms) during 

spray drying, the contact of water with precipitating API is strongly limited. Thus spray drying
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prevents the crystal lattice formation due to the rapid isolation o f the solid from a co-crystallising 

agent (water).

The DSC thermogram (Fig. 6.7e) o f CTZNa spray dried from water (#6.1) begins with a 

broad endotherm of residual water evaporation followed by a wide Tg event at about 195 °C ending 

with an exotherm of decomposition (-240 °C). Melting was not observed. Thermal analysis 

confirmed that CTZNa spray dried from water was amorphous and did not recrystallise upon 

heating. StepScan™ analysis confirmed that the Tg of amorphous CTZNa was 191.8 ± 0.5 °C 

(change of the specific heat at the Tg (ACp) 0.21±0.04 J/g). Thermogravimetric analysis detected 

5.6% residual moisture content (25-150 °C at 10 °C/min heating rate) (Fig. 6.8e).

DSC analysis of CTZK spray dried from water (#6.2) (Fig. 6.7i) indicated that the starting 

endotherm of residual water drying correlated with a 5.5% mass loss by TGA analysis (Fig. 6.Si), 

similarly to CTZNa (#6.1), Solvent evaporation was followed by a Tg event with its midpoint 

at approximately 160 °C. After the Tg event the sample decomposed. The Tg of amorphous CTZK 

was confirmed using the StepScan™ method to be at 159.0±0.4 °C (ACp 0.023±0.06 J/g).
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Fig. 6.7. DSC of: a) CTZNa dihydrate, b) CTZNa anhydrous, c) CTZK dihydrate, d) CTZK 

anhydrous, e) CTZNa (#6.1) spray dried from water, f) CTZNa (#6.6) spray dried (CM) 

from MeOH/BA (6:4 v/v solvent ratio), g) CTZNa spray dried from methanol (#6.10), h) CTZNa 

spray dried from methanol (#6.10) and dried (25 °C -250 °C -25 °C at 10 °C/min by TGA), 

i) CTZK spray dried from water (#6.2), j) CTZK spray dried (CM) from MeOH/BA (6:4 v/v 

solvent ratio) (#6.11).
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Fig. 6.8. TGA of: a) CTZNa dihydrate, b) CTZNa anhydrous, c) CTZK dihydrate, d) CTZK 

anhydrous, e) CTZNa (#6.1) spray dried from water, f) CTZNa (#6.6) spray dried from MeOH/BA 

(6:4 v/v solvent ratio), g) CTZNa (#6.10) spray dried from methanol, h) CTZNa (#6.10) spray dried 

from methanol, secondary dried (25 °C -250 °C -25 °C at 10 °C/min by TGA), i) CTZK (#6.2) 

spray dried from water, j) CTZK (#6.11) spray dried from MeOH/BA (6:4 v/v solvent ratio).
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FTIR spectra o f CTZNa dihydrate (Fig. 6.9a) CTZNa anhydrous (Fig. 6.9b) and the amorphous 

material spray dried from water (#6.1) did not show significant changes in the fingerprint region 

except for smoothing and slight broadening o f peaks o f the amorphous material. Similar changes 

were observed for the hydrated and anhydrous CTZK (Fig. 6.10a, b) and the amorphous material 

spray dried from water (#6.2).

a)

b)

c)

d)

e)

f)

3600 3400 3200 3000 1750 1500 1250 1000 750

wavenumber [cm' ]̂

Fig. 6.9. FTIR spectra o f CTZNA: a) dihydrate, b) anhydrous, c) spray dried from water (#6.1), 

d) spray dried from MeOH/BA (6:4 v/v) (#6.6), e) spray dried from methanol (#6.10), f) sample 

#6.10 after drying to 250 °C in the TG analyser.

A change in the hydrogen bond region due to the loss o f water molecules was seen between 

3000 and 3500 cm'' in FTIR spectra o f the processed materials (Fig. 6.9c, 6.10c). Disappearance 

o f water peaks and noticeable smoothing was observed for the amorphous and anhydrous, 

crystalline CTZNa (Fig. 6.9b, 6.10b). This suggests that the network o f hydrogen bonds in the 

amorphous matrix is similar to that present in the anhydrous forms.

The DSC scan (Fig. 6.7g) o f sample #6.10 (spray dried from 100% MeOH in inlet temp. 

100 °C) indicated three small endothermal events in the temperature range from 200 °C to 260 °C. 

The sample spray dried from pure methanol (#6.10) (Fig. 6.8g) displayed a two-stage mass loss 

by TGA of 6.63±0.21% and 22.21±0.34%. The DSC endotherms corresponded to the second mass 

loss recorded by TGA (Fig. 6.8g), most likely attributed to the solvent captured in the amorphous 

matrix.
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Fig. 6.10. FTIR spectra o f CTZK: a) dihydrate, b) anhydrous, c) spray dried from water (#6.2), 

d) spray dried from MeOH/BA (3:2 v/v) (#6.9).

The material (#6.10) was PXRD amorphous (Fig. 6.6e). Additional drying o f the material 

in the TGA instrument at 40 °C for 30 min did not result in a change in the DSC pattern 

o f the material and the endotherms were still visible. However heating up to 250 °C removed 

the captured solvent and DSC analysis of this additionally dried material (Fig. 6.7h) did not record 

the previously visible endotherms. This suggests that the changes in CTZNa observed by DSC 

were caused by a volatile substance and high temperature was needed to remove this contaminant. 

FTIR spectrum of CTZNa freshly spray dried from MeOH clearly indicated 

the differences (Fig. 6.9e). A few absorption bands appeared at 2870-3000 cm"' suggesting 

the presence o f CH aliphatic groups. A sharp and intense peak emerged at around 1740 cm"' 

indicative o f a compound with a C =0 group and a weak band at 1050-1100 cm’' implying 

the existence o f the methanol residues. FTIR of the methanolic sample dried at 250 °C presented 

the absence of the extra absorption peaks.

As the sample was processed from 100% methanol, it was hypothesised that the captured 

methanol was oxidised to methanal (formaldehyde) during spray drying and that this contaminant 

was captured in amorphous matrix of CTZNa. The support of this theory are weak FTIR peaks 

at 2850-2870 cm’' that can be assigned to aldehydic C-H stretching modes. The aldehyde test with 

Purpald® reagent confirmed the presence o f an aldehyde in sample #6.10, and its disappearance 

after additional drying in the TGA instrument. TGA analysis allowed the molar ratio of CTZNa

145



Chapter 6 Results and discussion

to formaldehyde in the adduct to be determined as 1:2. The 22.2±0.3% mass loss recorded by TGA 

corresponded well with the theoretical content of 21.6% w/w of formaldehyde in the sample #6.10. 

The exact mechanism o f this phenomenon is not known, however it depends on the inlet 

temperature o f process as the material obtained at the inlet o f 80 °C was identical with that spray 

dried from water i.e. had no traces o f captured formaldehyde. It was further observed that 

formaldehyde evaporated within 72 hours when the sample was left at ambient conditions, thus 

the nature of the CTZNa/aldehyde adduct was metastable.

Mollica et al. (1969 and 1971) describing hydrolysis o f benzothiadiazines indicated 

a possibility o f opening the heterocyclic ring o f hydrochlorothiazide (HCTZ) with the release 

o f formaldehyde, convertible to methanediol in aqueous environment. Revelle et al. (1997) 

indicated that one o f the photolytic products o f decomposition o f HCTZ is CTZ. Further 

photodegradation comprised dehalogenation or methoxylation o f CTZ. Even though spray drying 

o f sample #6.10 was not performed in an aqueous environment, the sample was tested for chemical 

decomposition. HPLC showed that decomposition o f CTZNa spray dried from methanol was 

insignificant (p>0.05) in comparison to the starting material.

Thermal analysis o f samples #6.3-9 and #6.11-20 showed the presence o f residual 

solvent(s) in all samples spray dried from mixtures o f MeOH/BA, as evaporation endotherms were 

visible at the beginning o f each DSC scan (Fig. 6.7f, sample #6.6), corresponding to various TGA 

mass loses (Fig. 6.8f, sample #6.6). The DSC and TGA scans corresponding to samples #6.6 and 

#6.11 show patterns similar to one another. In all samples o f CTZNa spray dried from MeOH/BA 

(#6.3 - #6.9, #6.12 - #6.17 and #6.19) the DSC starting, evaporation endotherm was followed by a 

glass transition with the midpoint at 197-206 °C. TGA determined that the residual solvent(s) 

content was in the range o f 8 to 11% (measured between 25-100 °C) (Fig. 6.8f, sample #6.6).

NPMP CTZNa powders spray dried from lower methanol concentrations (#6.3-#6.8) 

presented FTIR spectra patterns consistent with that recorded for the amorphous material spray 

dried from water (#6.1) (Fig. 6.9). The sample processed from 90% MeOH/10% v/v BA (#6.9) 

presented a few additional FTIR peaks at around 3530 and 3445 cm ', perhaps o f OH stretching 

modes, and a band at 1425 cm’’, probably o f C-O-H from butyl acetate, indicating residues o f spray 

drying solvents.

The DSC pattern o f sample #6.11 (Fig. 6.7j) was consistent with that recorded previously 

for the CTZK material spray dried from water (#6.2). TGA analysis (Fig. 6.8j) of sample #6.11 

recorded a mass loss o f 10.4±0.3% indicating residual content o f solvents in the amorphous matrix 

o f dried powder.
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6.2.5. DVS studies of amorphous CTZNa and CTZK
Due to the amorphous nature of the spray dried CTZ salts, dynamic vapour sorption studies 

(Fig. 6.11) were performed to assess the physical stability o f amorphous solids in comparison 

to the stability o f the previously reported crystalline forms (Chapters 3 and 4). Experiments enabled 

the critical relative humidity o f recrystallisation (RHc^st o) o f the amorphous materials in isothermal 

conditions at 25 °C to be established. The RHcryst o describes the limit o f the highest environmental 

humidity, below which an amorphous material will not recrystallise under storage or processing 

conditions (Burnett et al. 2004). The RHcryst o for CTZNa was determined to be 56.6% RH 

(R“= 0.997) and for CTZK the value was established to be 58.2% RH (R^= 0.999). The described 

and used method was time limited, which resulted in no time for sample mass equilibration 

at a particular humidity, which means that water uptake was incomplete in the given conditions 

as Am/At was greater than 0.002 mg/h at each measured time point. This is why the experiment 

was repeated under time independent conditions, waiting every 10% RH in the 0-90% RH range 

until sample mass reached mass equilibrium and water sorption was complete (Am/At<0.002 mg/h 

with the initial sample mass mo of 10 mg). This resulted in recrystallisation (represented 

as an inflection in the graph) o f CTZNa in the range o f 40-50% RH, earlier than determined by the 

time dependent method. For CTZK the inflection was not recorded, indicating that the water 

sorption event overlapped with recrystallisation. These results show that recrystallisation 

o f an amorphous material is not only related to the rate o f RH% changes over time but also 

to the time of equilibration o f the material under given RH conditions.
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6.2.6. Residual solvent content
Assessment o f the residual solvent content by GC-FID and KF showed that the CTZNa 

(#6.12) and CTZK (#6.18) powders collected after spray drying in the closed mode from 2% w/v 

solutions contained 1.27±0.05% MeOH and 4.98±0.81% BA and 0.85±0.08% MeOH 

and 4.55±0.55% BA, respectively. Spray drying o f the equivalent systems (CTZNa #6.19, CTZK 

#6.20) in the open blowing mode reduced the level o f MeOH in CTZNa and CTZK 

to a concentration below the detection level (for CTZNa: 0.19±0.02% and for CTZK: 0.19±0.01%) 

and of BA to 2.4±0.1% and 1.9±0.3%, respectively. A further reduction in the organic solvent 

content in the spray dried batches was obtained by additional drying (See Methods 2.2.2.1.). 

The final contents of the organic solvents were as follows: MeOH was below the limit o f detection 

and BA was 9200±0 ppm and 10200±1500 ppm for CTZNa (#6.19*) and CTZK (#6.20*), 

respectively. The limits o f detection for BA were for CTZNa: 1900±200 ppm and for CTZK: 

1900±100 ppm.

The European Pharmacopeia lists permitted daily exposures (PDE) of the residual organic 

solvents and the limit is 30 mg/day (or 3000 ppm) for methanol and 50 mg/day (5000 ppm) for 

butyl acetate (European Pharmacopeia 2010). Maximal daily dose of chlorothiazide is 1500 mg 

which is equivalent to 1616.31 mg o f anhydrous CTZNa or 1698.33 mg of anhydrous CTZK. 

Therefore maximal daily exposure to BA for CTZNa is ~15 mg/day and for CTZK is -17  mg/day 

so for both salts approximately 3 times below PDE.

The experiments showed that the open blowing mode was more efficient in reducing 

residual BA content and resulted in a 2-fold decrease in BA content compared to the closed 

configuration. The combination o f the open blowing mode and secondary fluid bed drying 

simulation appeared to be the most efficient and resulted in a 3-fold reduction o f the residual BA 

content in comparison to the sample spray dried in the closed mode.

KF titrimetry o f the spray dried samples indicated lower residual water content was 

attained by processing in the closed mode (#6.12 and #6.18) compared to the open mode 

configuration (#6.19 and #6.20). The highest levels o f residual water were measured after fluid bed 

drying simulation (#6.19* and 6.20*) (Table 6.6). These results concur with the spray drying mode 

used as moisture levels are limited when operating in the closed mode due to the use of 

dehumidifier and dry nitrogen. Changing the configuration to the open mode increases the exposure 

to environmental humidity o f air. This is even more marked when additional drying process 

as the incubator uses air with relative humidity of 30 - 50%. The hygroscopic nature of amorphous 

CTZNa and CTZK was presented earlier (Section 6.2.5).
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Table 6.6. Assessment of the residual solvent content.

Sample TGA mass loss BA content by 
GC-FID f%l

MeOH content 
by GC-FID [%1

Water content 
by KF [%1

#6.12 8 .6± 0.4 4 .98± 0.81 1.27± 0.05 2 .81± 0.18
#6.19 7 .6± 0.2 2 .4± 0.10 < 0 . 19± 0.02 4 .00± 0.19
#6.19* after AD 6 .4± 0.3 0 .92± 0.00 < 0 . 19± 0.02 5 . 15± 0.11
#6.18 8 .0± 0.4 4 .55± 0.55 0 .85± 0.08 3 .50± 0.08
#6.20 7 . 1± 0.2 1.9± 0.30 < 0 . 19± 0.01 4 .46± 0.07
#6.20* after AD 6 .5± 0.3 1.02± 0.15 < 0 . 19± 0.01 5 .21± 0.17
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6.3. Conclusions

The work presented here shows that spray drying is an effective method of production 

o f MPs and NPMPs of amorphous chlorothiazide sodium and potassium salts (CTZNa and CTZK). 

Morphology of MPs was determined to be dependent on the type (water versus MeOH 

and MeOH/BA) and the ratio o f solvents (MeOH/BA) used, concentration o f the solid in spray 

drying feed and the spray drying mode. The Morphology Classification System of spray dried 

particles (MCS-SD) developed was an efficient tool for morphology characterisation.

Samples spray dried from 0.5% w/v feed concentration comprised NPMPs with 

morphologies o f class II to IV. The use of 2% w/v feed concentration resulted in NPMPs with 

morphologies of class III and V. The particles spray dried from water had morphologies of type 

HAS and I IBS for CTZK and CTZNa, respectively. The development o f the different 

morphologies (A and B) for the aqueous samples was attributed to the different Tgs o f the 

amorphous compounds (CTZNa: ~192 °C, CTZK: -160  °C). NPMPs with specific surface areas o f 

70 m^/g and 90 mVg for CTZNa and CTZK, VIES of MCS-SD respectively, were obtained with 

satisfactory yields (-90-95%) by spray drying from 2% w/v feed and a MeOH/BA (3:7 v/v) 

mixture. NPMPs with the largest specific surface areas presented morphology type V. Dynamic 

vapour sorption experiments determined time dependent critical relative humidity of 

recrystallisation o f CTZNa and CTZK to be 57% RH and 58% RH, respectively.

This work highlighted a risk o f solvent oxidation, here observed only when spray dried 

from pure methanol. The reaction was inlet temperature dependant and not observed when a lower 

inlet temperature (80 °C) was employed. The spray drying open blowing mode coupled with 

secondary drying appeared to be 3 times more effective in the reduction o f residual BA in 

comparison to spray drying in closed mode.
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7.1. Introduction
One o f the main requirements o f a tablet as a porous specimen formed by compression is to 

remain intact upon production, handling, storage and administration conditions (Augsburger 

and Hoag, 2008). The tablet is expected to resist attrition and fracture and to possess the desired 

mechanical strength. At the same time the tablet is expected to ftilfil disintegration and dissolution 

requirements. Disintegration and dissolution requirements are getting even more important, when 

final dosage form is considered as orally dissolving or orally disintegrating tablet (ODT). Current 

industrial requirements went ahead over pharmacopoeial requirements (European Pharmacopia, 

2010), and at the moment the fastest disintegration or dissolution state quality of the ODTs. 

All of the above-mentioned requirements are dependent on the micro-structural properties o f the 

tablet such as the size o f powder particles, morphology of the powder and the type o f contact 

between compressed particles (Augsburger and Hoag, 2008).

To date, several methods including pharmacopoeial, have been designed to analyse 

properties of the compacted tablets. The “compactibility” term was introduced by Leuenberger 

and Jetzer in 1982 and is equivalent to “tabletability”, which is defined as the ability o f powder bed 

to form a coherent tablet as a result o f compression. Compressibility is defined as a propensity 

o f powder enclosed in defined volume of space to reduce its volume upon load. Compressibility is 

described as a relationship between relative density (porosity-St) of the tablet and the compression 

pressure and may be expressed using several equations (MacLeod, 1983).

A coherent tablet may be described as a tablet characterised by high fracture, crack and erosion 

resistance and no tendency to cap or laminate (Augsburger and Hoag, 2008). To evaluate 

the mechanical strength of tablets they can be subjected to mechanical stress by compression, 

bending or impaction. Among all of the methods for testing mechanical strength of tablets, two 

pharmacopoeial methods are the most popular: friability and fracture resistance tests (European 

Pharmacopeia, 2010 and United States Pharmacopia, 2010). Friability is restricted to final tablet 

formulations and reflects resistance o f the tablets to attrition upon sliding, shaking or tumbling. 

Fracture resistance in the pharmaceutical industry is most often referred to as a resistance 

o f the tablet to applied force along a given direction until the tablet fails. The tablet may fail 

by cracking, fracturing in two (tensile failure) or more pieces (double or triple cleft) or by crushing 

into several small pieces (Fell and Newton, 1970).

The force required to fracture the tablet is dependent on the dimensions o f the tablet. 

Determination of tensile strength (ot) of the tablet allows for comparison o f properties o f tablets of 

different shapes and dimensions. Tensile sfrength o f the tablet can be determined using the 

diametral compression method leading to tensile failure.

Due to the importance o f powder compactibility or the impact of powder compactibility 

on compactibility o f blends o f powders (formulation), different aspects o f compactibility o f pure 

pharmaceutical compounds are often reported in the literature. Experiments of Sun (Sun and Grant
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2001 and Sun 2004) investigated the impact o f hydration on tabletability o f L-lysine 

and hydroxybenzoic acid. Joiris et al. (1998) studied compression behaviour o f orthorhombic 

paracetamol. Maggi et al. (1998) described the tabletability o f amorphous a-cyclodextrin hydrates. 

The changes in relative tensile strength was reported by Berggren et al. (2004) where they 

compared the tablet-forming ability o f spray dried amorphous two- and three-component composite 

particles. Particles o f lactose alone, two-component particles o f lactose and PVP 

and three-component particles of lactose, PVP and a small amount o f polysorbate 80 were prepared 

by spray-drying and compressed under different compression pressures in the range from close 

to zero up to 250 MPa. A larger change o f tensile strength versus compression pressure was 

determined for tablets made o f composite particles containing only lactose and 25% PVP K90. 

According to a classification introduced by Sonnergaard in 2006, descriptors o f powder 

compactibility can be divided into single-point values and a,-porosity relationships 

or a,-compaction pressure relationships. The single point values include mechanical strength of the 

tablet formed at a given compression force or at a given porosity and compaction pressure needed 

to form a tablet of desired mechanical strength.

Several factors controlling powder compactibility have been reported to date. They can be 

organised into three main groups: particle mechanics, particle dimensions and particle 

adhesiveness. The most commonly reported relationships include an increase in tablet strength 

following a decrease in powder particle size and greater tablet strength as a result of greater particle 

shape irregularity. Particle size distribution was reported by Fichtner et al., (2005) to have a limited 

but direct impact on tensile strength of tablets made o f sodium chloride and sucrose. Wide, narrow 

and bimodal particle distributions o f particles with median particle size o f about 400 ^m were 

investigated.

This chapter evaluates compactibility performance o f amorphous, anhydrous nanoporous 

microparticles (NPMPs) o f chlorothiazide, chlorothiazide sodium and potassium in comparison to: 

o  hydrated or anhydrous crystalline microparticulate forms o f the same compounds, 

o  anhydrous, amorphous spray dried nonporous microparticles, 

o  and direct compacting sugar Dipac™.

Dipac™ direct compacting sugar was chosen in this experiment as a reference material 

to compare its tabletability performance with tested materials. Dipac™ is hydrophilic tablet filler, 

which is readily soluble in water and may be used as the main excipient in a tablet formulation. 

The material is not hygroscopic and can be stored at humidities not exceeding 70% RH. 

The tableting performance o f tested powders was assessed without additives in order to observe 

the physical properties o f the pure compounds upon compaction, therefore Dipac™ was a suitable 

reference.

Pure API tablets are subjected to pharmacopoeial dissolution test studies in order 

to evaluate advantages o f the use o f NPMPs in potential final formulations.
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7.2. Results and discussion

7.2.1. Physicochemical characterisation of powders subjected 

to compaction

Materials used for tableting are listed in table 7.1.

Table 7.1. Description o f materials used for tableting studies.

Abbreviation Description of system

Dipac™
Direct compacting and tableting sugar: 96.5±1.5% sucrose, 

3.0±0.75% maltodextrin

CTZ Raw chlorothiazide-micronised, crystalline material

CTZ NPMPs (#5.11)
Spray dried, crystalline nanoporous microparticles of 

chlorothiazide

CTZNa DH Micronised particles of crystalline chlorothiazide sodium dihydrate

CTZNa ANH
Micronised particles o f anhydrous, amorphous chlorothiazide 

sodium

CTZNa MPs (#6.1)
Spray dried nonporous microparticles o f amorphous, anhydrous 

chlorothiazide sodium

CTZNa NPMPs (#6.19)
Spray dried nanoporous microparticles o f amorphous, anhydrous 

chlorothiazide sodium

CTZK DH
Micronised particles of crystalline chlorothiazide potassium 

dihydrate

CTZKMH
Micronised particles of crystalline chlorothiazide potassium 

dihydrate

CTZK ANH
Micronised particles of anhydrous, amorphous chlorothiazide 

potassium

CTZK MPs (#6.2)
Spray dried nonporous microparticles of amorphous, anhydrous 

chlorothiazide potassium

CTZK NPMPs (#6.20)
Spray dried nanoporous microparticles o f amorphous, anhydrous 

chlorothiazide potassium
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The final micromeritic properties of powders subjected to compaction are listed 

in table 7.2.

Table. 7.2. Micromeritic properties o f powders which were subjected to compaction (do, specific 

surface area by BET ( T b e t ) ,  and specific surface area calculated by laser diffraction (Tld) based 

on surface weighted mean (d[3,2]). Abbreviation as per table 7.1.

Material True density dn 

[g/cm ]̂ T be t  [mVg] TLD[mVg]

Dipac™ 1.554±0.001 0.2±0.0 O.liO.O

CTZ 1.798±0.001 0.5±0.0 0.4±0.0

CTZ NPMPs (#5.11) 1.762±0.003 3.9±0.1 1.8±0.0

CTZNa DH 1.728±0.004 2.7±0.0 1.4±0.0

CTZNa ANH 1.883±0.001 3.1±0.0 l.OiO.O

CTZNa MPs (#6.1) 1.837±0.015 1.3±0.0 1.8±0.0

CTZNa NPMPs (#6.19) 1.856±0.001 72.3±0.7 1.8±0.0

CTZK DH 1.887±0.003 0.6±0.0 0.7±0.0

CTZKMH 1.859±0.001 1.7±0.0 O.SiO.O

CTZK ANH 1.881±0.003 1.3±0.0 0.9±0.0

CTZK MPs (#6.2) 1.872±0.003 1.3±0.0 1.6±0.0

CTZK NPMPs (#6.20) 1.863±0.012 90.2±0.9 1.7±0.0

Dipac™ is PXRD crystalline (data not shown). The DSC analysis indicated an onset 

o f melting at 185.4 °C followed by decomposition. TGA analysis indicated a 0.45% mass loss 

up to 100 °C without a distinctive drying pattern, which may be attributed to residual surface 

moisture.

True density o f the Dipac™ (Table 7.2) was the lowest o f all tested materials and was 

measured to be 1.554±0.001 g/cm^. Dipac™ had also the lowest measured specific surface area 

( T b e t )  of 0.2±0.0 m^/g, in agreement with the calculated result of specific surface area by laser 

diffraction ( T l d )  analysis 0.1±0.0 m^/g. The median particle size, d(50), o f Dipac™ by laser 

diffraction was 178.4±0.6 ^m (Table 7.3).
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Sample d(10) d(50) d(90) Span Particle size distribution

Dipac™ 27.3±0.3 178.4±0.6 398.5±1.2 2.1±0.1 Monomodal

CTZ 5.7±0.2 12.6±0.1 26.0±0.2 1.6±0.1 Bimodal

CTZ NPMP (#5.11) l .liO .l 2.7±0.1 5.3±0.I 1.6±0.3 Monomodal

CTZNa DH 0.9±0.0 5.4±0.1 53.1±0.1 9.6±0.2 Trimodal

CTZNa ANH 1.3±0.1 6.2±0.3 49.4±0.2 7.7±0.3 Trimodal

CTZNa MP (#6.1) 1.4±0.2 2.6±0.1 7.2±0.1 1.8±0.1 Monomodal

CTZNa NPMP (#6.19) l .liO .l 2.9±0.0 6.8±0.2 1.9±0.1 Monomodal

CTZK DH 1.3±0.1 8.7±0.1 58.4±0.2 6.6±0.2 Trimodal

CTZKMH 1.3±0.2 5.2±0.2 16.8±0.1 3.0±0.1 Bimodal

CTZK ANH 1.7±0.1 9.7±0.2 113.4±0.3 11.6±0.3 Bimodal

CTZK MP (#6.2) 1.2±0.1 3.1±0.1 6.6±0.2 1.8±0.2 Monomodal

CTZK NPMP (#6.20) l.OiO.O 3.1±0.1 6.8±0.0 1.9±0.1 Monomodal
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Chlorothiazide raw material (CTZ) had a true density of 1.798±0.001 g/cm^. The material 

was PXRD crystalline, as described in Chapter 3. The PXRD pattern was comparable 

with the theoretical pattern based on single crystal analysis of CTZ performed by Shankland et al. 

1997. As was revealed by SEM analysis (Figure 7.1a), the CTZ material after crystallisation was 

micronised. The median particle size was found to be 12.6±0.1 nm.

c) d)

Fig. 7.1. SEM images of: a) morphology of CTZ, b) cross section of the tablet made of CTZ 

compressed at 6 kN, c) morphology of CTZ NPMPs, d) cross section of the tablet made of CTZ 

NPMPs compressed at 6 kN.

Surface area analysis of CTZ by BET was 0.5±0.0 m^/g. This is close to the value 

estimated by LD of 0.4±0.0 m^/g. The difference occurs because the crystal habit of CTZ is 

prismoidal (Chapter 1) if CTZ is recrystallised from acetone or ethanol, as was presented 

in Chapter 3. Despite micronisation, particles of CTZ, although blunted on edges, retained their 

oblong shape. This resulted in a difference between the values of specific surface area as estimated
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by LD and that measured by BET. Thermal analysis, as described in Chapter 3, revealed 

the melting point o f CTZ at 361 °C and a residual solvent content of 0.5%.

The CTZ spray dried NPMP material was PXRD crystalline as described in Chapter 5. 

Thermal analysis showed the residual solvent content was below 0.5%. SEM analysis (Figure 7.1c) 

showed spherical agglomerates o f submicron sized crystals with a distinctive prismoidal crystal 

habit. The true density o f spray dried CTZ was slightly lower than for the micronised material 

and was 1.762±0.003 g/cm^. Particle size analysis by LD confirmed a median particle size 

o f 2.7±0.1 |im. T b e t  was measured to be 3.9±0.1 m^/g and T l d  was estimated to be 1.8±0.0 mVg. 

The difference may again be related to the morphology of the particles, which porosity is not 

included in Tld surface area estimation.

Preformulation characteristics o f chlorothiazide sodium dihydrate (CTZNa DH) 

and anhydrous (CTZNa ANH) materials were comprehensively described in Chapter 3. CTZNa 

DH had a true density o f 1.728±0.004 g/cm^ The median particle size by LD was 5.4±0.1 nm. 

Surface area by BET was measured to be 2.7±0.0 m^/g. Tld was estimated to be 1.4±0.0 m^/g. 

In comparison to CTZNa DH, CTZNa ANH micronised in a mortar had a higher true density do 

o f 1.883±0.001 g/cm^ and a very similar morphology. The median particle size was 6.2±0.3 (im. 

The specific surface area o f CTZNa ANH estimated by LD was 1.0±0.0 m^/g but the measured 

T b e t  was about 2 m^/g larger and was 3.07±0.01 m^/g. The CTZNa DH system showed that 

the difference in surface area resulting from shape irregularities (deviations from spherical shape) 

between Tbet (measured) and LD (estimated) specific surface area (Chapter 1) is about ~1 m^/g 

(Table 7.2). In the case of CTZNa ANH the difference in surface area between Tbet and Tld 

of ~ 2 m^/g, may be due, not only to the shape o f particles, but to the presence o f empty voids 

in the crystal lattice of the material after water evaporation. These voids are not included in the LD 

specific surface area algorithm calculation but are large enough to be penetrated by nitrogen 

molecules during BET analysis, and as a consequence measured as additional surface area 

of the material.

Preformulation properties o f spray dried systems o f CTZNa amorphous, anhydrous 

and nonporous microparticles spray dried from water (CTZNa MPs) and amorphous anhydrous 

nanoporous microparticles spray dried from methanol (solvent) and butyl acetate (antisolvent) 

mixture (CTZNa NPMPs) are described in Chapter 6.

Both spray dried materials, CTZNa MPs and CTZNa NPMPs, were anhydrous 

and presented similar values o f true density (Table 7.2) in comparison to CTZNa ANH: 

1.837±0.015 g/cm^ and 1.856±0.001 g/cm^, respectively, for CTZNa MPs and CTZNa NPMPs. 

As both materials after spray drying are fully PXRD amorphous, as previously described 

in Chapter 6, a slight decrease in the true density values in comparison to CTZNa ANH (raw 

material with residual crystal lattice) was not surprising, as amorphisation induces a decrease 

of true density in comparison to the crystalline material (Saleki-Gerhardt et al. 1994). In both
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systems LD analysis confirmed a monomodal particle size distribution with the median particle 

size for MPs and NPMPs of 2.6±0.1 (im and 2.9±0.0 nm, respectively. The estimated specific 

surface areas were the same for both systems and were 1,8±0.0 m^/g, for MPs and CTZNa NPMPs. 

The Tbet of NPMPs confirmed an increase in surface area of the material, as expected due 

to the porosity of spray dried particles observed on SEM (Figure 7.2a), Tbet was 72.31±0.69 m^/g.

Preformulation properties of chlorothiazide potassium dihydrate, monohydrate 

and anhydrous form were described in Chapter 4. The true density of CTZK DH material was 

1.887±0.003 g/cm^, close to the theoretical value calculated based on the single crystal data 

of 1.867 mg/cm^

b)

Fig. 7.2. SEM images of NPMPs a) CTZNa, b) CTZK.

The median particle size of the CTZK DH micronised material was 8.7±0.1 (xm. 

The estimated specific surface area by LD was calculated to be 0.7±0.0 m^/g, close to the Tbet
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surface area o f 0.6±0.0 m^/g. CTZK MH had a true density o f 1.859±0.001 g/cm^ and a median 

particle size o f 2±0.15 |im. The T b e t  of CTZK MH was measured to be 1.7±0.0 m^/g and it was 

higher than the Tld o f 0.8±0.0 m^/g. This difference may be attributed to irregularities 

o f morphology and empty voids formed due to the loss of crystal water. The anhydrous material 

CTZK ANH of do 1.881±0.003 g/cm^ had a median particle size d(50) o f 9.7±0.2 ^m. The Tbet 

specific surface area was 0.4 mVg higher (1.30±0.02 m^/g) than that estimated by LD (0.9±0.0 

m^/g). The CTZK MPs sample presented a median particle size d(50) o f 3.1±0.1 ^m. The measured 

surface area Tbet of 1,3±0.0 m^/g was close to 1.6±0.0 m^/g as estimated by Tld- Due to porosity 

o f NPMPs material (Figure 7.2b) the specific surface area of this sample was measured 

to be 90.2±0.9 m^/g. The estimated surface area (Tld) was determined to be 1.7±0.0 m^/g, 

as the porosity was not included in calculations. The median particle size was o f CTZK NPMPs 

was 3.1±0.1 nm.

7.2.2. Geometrical characterisation of compressed tablets
All characterised powders were subsequently compressed under different compression 

forces. The geometric parameters of the tablets produced from the materials described are listed 

in tables 1.1-3, Appendix I.

Analysis of geometrical parameters o f the compressed materials revealed that diameter 

and height o f the tablet slightly changed. Observed changes are material dependant and they are 

also dependant on the compression force used during compaction.

Analysing the behaviour of Dipac™ upon compression (Appendix I, Fig. 1.2,3), it can be 

noticed that the tablet became flatter and slightly larger in diameter upon increasing compression 

force. CTZ (raw chlorothiazide material) does not follow the Dipac™ pattern o f diameter change 

upon compression force. Regardless o f applied compression pressure, the change o f the diameter 

of the tablet was statistically insignificant (p>0.05) and only the height of the CTZ tablets was 

slightly reduced over the tested force range. A different pattern o f change of diameter o f tablets 

was recorded for CTZ NPMPs where an increased compression force resulted in a decrease in both 

geometrical parameters: the height of the tablet and the tablet diameter.

The diameter of tablets composed o f CTZNa MPs, CTZNa ANH and CTZNa DH 

increased upon increasing compression force, while the height o f the tablets was decreased 

(Appendix I, Fig. 1.4,5). The system composed o f CTZNa NPMPs, similarly to the previously 

described CTZ NPMPs, had the tendency o f decreasing the tablet diameter and the largest tendency 

for tablet height reduction with increasing compression force.

The analysis o f equivalent CTZK systems (Appendix I, Fig. 1.6,7) revealed some 

differences in comparison to the CTZNa systems. The change o f diameter o f CTZK MPs material 

upon rising compaction pressure was not statistically significant (p=0.523) comparing tablets 

compressed at 128 and 214 MPa but differed significantly (p<0.05) when compared tablets
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compressed at 128 and 278 MPa. The difference in the compaction behaviour may be assigned to 

the different particle morphology in comparison to CTZNa MPs, as described in Chapter 6, where, 

according to the morphology classification system, CTZNa MPs were classified as HAS, while 

CTZK as I IBS. The largest reduction of tablet height was recorded for the system composed of 

CTZK NPMPs.

It is postulated here that mechanisms of changing (expanding or shrinking) of tablet 

diameter upon rising compression force may be related to micro-migration of compressed particles 

in the tablet bed or to a reversible expansion of elastic material along the vertical compression axis. 

The first postulated mechanism is based on the assumption that compressed powder during 

compression can move towards the outer side of the tablet bed expanding the final diameter 

of the tablet, or otherwise due to cohesion forces between powder particles upon compression, 

particles at the periphery are folded towards the interior part of the tablet. Sinka et al. (2004) 

reported maps of density distribution in convex tablets. Analysis of maps of density for tablets 

produced in a lubricated die (simulating low friction conditions), as was done in this work, reveals 

that the lowest density areas are located at the circumference of the tablet band. Moreover, 

analysing the cross section of the tablet, areas of the lowest density penetrate towards the interior 

of the tablet, suggesting that the pressure applied in this area of the tablet in the lubricated die was 

the lowest, and possibly was able to promote the internal “folding” of the tablet. On the other 

hand, analysis of maps of density of the material in tablet compressed in a non-lubricated die, 

simulating high friction conditions, revealed the highest densities at the circumference of the tablet. 

This could suggest the migration of the material towards the outer edges of the tablet and could 

help to explain increasing diameter of the tablet under increasing compression force.

The second postulated mechanism assumes that after releasing of mechanical stress applied 

to the elastic (more or less) material, the tablet relaxes along the axis of compression pulling 

inwards at the edge of the tablet reducing its circumference. The elastic relaxation of starch tablets 

during ejection was reported by Anuar and Briscoe in 2009. Reported relaxation correlated with 

variations in the tablet diameter during the emergence. The continuous variations of the tablet 

diameters indicated an initial expansion followed by contraction, which continued in a wave-like 

motion.

A comparison of geometrical parameters of the tablets under different compression forces, 

indicates that the most prone to height reduction are tablets composed of NPMPs. They do not tend 

to expand in diameter upon compression, rather a slight reduction of diameter is recorded. This 

suggests the largest production and tablet design flexibility as the height of the tablet can be 

modified and controlled in a relatively large range using different compression forces.
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7.2.3. Compression force versus force to tensile failure and tensile 

strength -  compactibility
Table 1.4 (Appendix I) presents a compilation o f all parameters o f the tablets discussed 

below in relation to the tablet compression force (F). Listed are: force to tensile failure, hardness 

(P), tensile strength (o,), tablet porosity (et) and specific surface area ( T b e t ) - Assuming the powder 

bed forming the tablet has good compactibility performance, it is expected that the desired hardness 

o f the tablet (here referred to as force to tensile failure) will be reached using relatively low 

compression force. Furthermore, hardness o f the tablet will not vary significantly under 

fluctuations o f the preset compression force during processing and the change o f the tablet hardness 

will be responsive to the change o f compression force.

In contrast to the P value, which is directly related to tablet shape and size, the tensile 

strength (o,) value may be compared for different tablet sizes, shapes and, which is most important, 

for different materials. The comparison may be based on a single point value o f tensile strength 

in comparison to compression force expressed directly in Newtons (N) or compression force 

in relation to the surface area of the tablet, where the force was applied (N/m^) and expressed 

as compression pressure in mega Pascals (MPa). As both units are discussed in the literature, 

dependent variable values in all charts presented in this chapter are expressed using two 

independent variables corresponding to compression pressure and compression force.

As an example of compactibility performance o f a pure pharmaceutical compound 

designed for direct compression, Dipac™ tablets at compression force as low as 3kN presented 

a hardness o f 23.7 N. The hardness increased linearly with compression force at the rate o f 23.6 N 

per IkN, (Fig. 7.3).

163



Chapter 7 Results and discussion

0
200 
180 
160 
140 

^  120 
“  100 

80 
60 
40 
20

50
+

100 150 200

Compression pressure [MPa]

if
/

/

t
250 300

Compression force [kN]I
0 2 4 6 8

-D IPAC - - A — CTZ

10 12 14
CTZ NPMPs

0 50 100 150 200 250 300

I  4

O)c
(0

</)c0

Compression pressure [MPa]

II

/

/
/

/
/

/
/

/

Compression force [kN]

0 2 4 6 8 10 12 14
^  DIPAC - -A— CTZ ■  CTZ NPMPs
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strength (ot) versus compression force (F) for: Dipac™, CTZ and CTZ NPMPs. Error bars express 

relative standard deviation (â ) for comparison purposes.
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In comparison, CTZ material did not present a similar pattern o f change o f P versus 

compression force. The increase in P with increase in F started to fall off at higher values of F over 

10 kN. The force to tensile failure comparable to Dipac™ material compressed at 3 kN was 

recorded only starting from F o f 6 kN. It indicated that the response o f CTZ material regarding 

change of force to tensile failure to changing compression force is lower than for Dipac™. 

Processing o f CTZ into CTZ NPMPs improved the compactibility o f CTZ. The tablet formed 

at 3 kN had a hardness of 26.5 N which was slightly higher than for Dipac™, but the response 

o f change o f P versus compression force o f 8.1 N/kN was nearly 3 times lower than for Dipac™, 

indicating a lower dependence o f the material on the compression force variations. The above 

findings are consistent with the result of studies o f Di Martino et al. (2001), where spray drying 

of acetazolamide converted crystals into crystalline nonporous microparticles, improving 

the compression behaviour o f the API.

Calculation of tensile strength values o f tablets o f CTZ and CTZ NPMPs materials allowed 

for direct comparison of change o f tensile strength between the micronised and spray dried 

crystalline materials as was reported by Di Martino et al. (2001). The aim of that study was 

to improve the compactibility performance o f crystalline acetazolamide. Microparticles prepared 

by spray drying acetazolamide from an ammonia aqueous solution had a mean particle size o f 9.66 

|jm and were a mixture of type I and II crystals. Microparticles were round in shape with slightly 

rough surfaces. At a compression pressure o f 224 MPa, comparable to 214 MPa used in this work, 

acetazolamide tablets had a tensile strength o f about 1.61 MPa and 21% of porosity. The CTZ 

NPMPs material (Figure 7.3) at a lower compression pressure o f 128 MPa had a much higher 

tensile strength of about 2.38 MPa at even higher porosity of the tablet, 26.5% (Appendix I, Table 

1.4). In the present study, the improvement in tensile strength in comparison to micronised CTZ 

was significant (p<0.05, comparing the values at two different compression pressures: 128 and 214 

MPa), because tablets of CTZ micronised material compressed at an equivalent compression 

pressure (128MPa) had a tensile strength of only 0.6 MPa with a lower tablet porosity of 15.75%. 

The tensile strength at a given compression pressure for CTZ NPMPs was always higher than for 

Dipac™.

The best compactibility performance regarding tensile strength versus compression force among 

all the CTZNa systems was that o f CTZNa NPMPs (Figure 7.4) and corresponded profile o f change 

of force to tensile failure as presented in Appendix I (Fig. 1.8).
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CTZNa MPs, CTZNA NPMPs and Dipac™. Error bars express relative standard deviation (Or) for 

comparison purposes.

At a compression force of 1 kN CTZNa NPMPs formed tablets with a P of 60 N. 

The P value of the CTZNa NPMP material increased at rate of 30.2 N/kN, indicating the highest 

dependence of P on a change in compression force among all the CTZNa materials tested and it 

was about 7 N/kN greater than the increase in the rate of change of P with compression force 

recorded for Dipac™. Other CTZNa materials did not undergo compaction at 1 kN. The force 

to tensile failure recorded at F of 3 kN for CTZNa DH was 46.1 N and was significantly (p<0.05) 

higher than the equivalent values recorded for Dipac™, CTZNa ANH (22 N) and CTZNa MPs 

(29.4 N). Rates of increase of P versus F were respectively: 14.6 N/kN for CTZNa DH, 8.7 N/kN 

and 5.9 N/kN for CTZNa MPs and CTZNa ANH.

As was observed for CTZ, spray drying resulted in an improvement in compactibility over 

micronised material. The fact that the CTZNa DH showed better compactibility performance, than 

CTZNa ANH or CTZNa MPs may be ascribed to the presence of water molecules in the crystal 

lattice of CTZNa DH. A similar improvement was noticed by Sun (2004) when he investigated 

the impact of compaction pressure on the tensile strength of tablets of anhydrous 

and monohydrated hydroxybenzoic acid. It is hypothesised here that the water molecules 

coordinated in the crystal lattice may cause the microparticles of powder to stick together upon 

the application of compression force bringing an advantage in higher P value over the dehydrated 

material in which only plastic deformation, crushing, interlocking or thermal fiision of molecules 

can occur.
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Figure 7.4 presents the relationship between tensile strength and compression pressure 

or compression force for CTZNa tablets. Anhydrous and amorphous CTZNa NPMPs had 

the greatest slopes indicating most dramatic change in tensile strength with increasing P. At 1 kN 

compaction force, corresponding to a compression pressure o f 21 MPa, CTZNa NPMPs formed 

tablets which had a tensile strength o f 0.62 MPa with tablet porosity of 64.5%. The same material 

at a compression pressure o f only 128 MPa formed tablets with a tensile strength o f 4.48 MPa 

and tablet porosity o f 32%. At an equivalent compression pressure, the tablets made of micronised 

crystalline CTZNa DH had a tensile strength o f 2.31 MPa, nearly two times lower than that 

for the CTZNa NPMP system and with an approximately two times lower tablet porosity o f 17.6%. 

Worse compaction performance regarding tensile strength versus compression pressure 

(or compression force) was observed for CTZNa ANH and CTZNa MPs. It should be noted, that 

preparation by spray drying of equivalent anhydrous and amorphous systems results 

in compactibility improvement, since at 6kN compression force tablets formed from CTZNa MPs 

had a tensile strength o f 1.59 MPa while the tablets made o f micronised material had o, of only 

1.17 MPa.

Analysis of figure 7.5, presenting profiles o f tensile strength o f CTZK materials, suggests 

similar conclusions to those made for the equivalent CTZNa systems, with the best compactibility 

performance regarding tensile strength being demonstrated for the spray dried materials, CTZK 

NPMPs and CTZK MPs. The profile of tensile strength versus compression pressure change 

for the CTZK systems corresponded to those showing force to tensile failure versus compression 

pressure and presented in Appendix I (Fig. 1.9). Tablets made o f CTZK NPMPs at 1 kN 

compression force had slightly better tensile strength than the equivalent CTZNa system 

(0.86 MPa). The tensile strength increased to 2.58 MPa and 5.11 MPa respectively at 64 MPa 

and 128 MPa compression pressures for CTZK NPMPs.
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Tablets made o f CTZK MPs, despite presenting a tensile strength value of 0.93 MPa 

at 128 MPa compression pressure, which was slightly lower than for micronised CTZK DH 

(1.34 MPa) and CTZK ANH (1.29 MPa), had the same rate of increase o f tensile strength 

with P o f -0 .4  MPa/kN as the CTZK NPMPs system. At compression force o f lOkN, equivalent 

to 214 MPa compression pressure, CTZK MPs tablets had a tensile strength o f 3.52 MPa, while 

the o, o f CTZK ANH and CTZK DH systems were 1.87 MPa and 1.84 MPa respectively. 

The lowest response between o, and P was found for tablets made o f CTZK MH. The tensile 

strength of this batch o f tablets remained in the range from 0.81 MPa to 1.13 MPa at compression 

pressures up to 278 MPa.

7.2.4. Compression force versus tablet porosity- Compressibility
The porosity o f the tablet is a relative measure o f empty spaces in the volume of the tablet 

in relation to the true density o f the compressed material. The compaction of the material is a result 

o f several processes ongoing simultaneously in the compressed powder bed. The result of powder 

compression is the final reduction o f the total volume of the tablet. The density o f a completely 

compressed tablet with 0% porosity will be equal to the true density o f the powder forming
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the tablet. Porosity is one o f the measures o f compactibility performance o f the material under 

applied compression pressure or compression force. Investigations of the change o f porosity over 

a range o f applied compression forces allow the responsiveness o f the material to increasing 

compression pressure to be evaluated.

Figure 7.6 presents the tablet porosity versus compression force for Dipac™, micronised 

CTZ and spray dried CTZ NPMPs. Among these three systems the largest porosity, o f 33.74%, was 

recorded for the CTZ NPMP system at a compression force of 64 MPa. Sebhatu and Alderbom 

(1999) compared the compressibility performance of particles of crystalline and amorphous lactose 

in order to investigate relationship between the effective interparticulate contact area and the tensile 

strength o f tablets. For crystalline lactose tablets made o f particles in the size range o f 10 to 50 ^m, 

compressed at 50 MPa, the recorded tablet porosity was -30% , falling just below -20%  

at a compression pressure o f 125 MPa, where the recorded tensile strength was only -1  MPa. 

The crystalline CTZ NPMP system performed much better since at a similar compression pressure 

of 128 MPa, the tablet exhibited higher porosity, of 26.45%, but also over two times greater tensile 

strength, o f 2.38 MPa. At the compression force o f 214 MPa, the porosity dropped to 20.26%, but 

still corresponded to a high tensile strength o f 4.63 MPa.
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Fig. 7.6. Porosity o f the tablet (et) in relation to compression force (F) for: Dipac™, chlorothiazide 

raw material and nanoporous microparticles of spray dried chlorothiazide.

Analysing porosity and tensile strength data over a range o f compression pressures, it can 

be noted that CTZ micronised material did not perform as well as the equivalent system made 

of NPMPs. Tablets formed from CTZ at 128 MPa had lower porosity 

of 20.5% and significantly (p<0.05) lower tensile strength o f 0.6 MPa in comparison to the NPMP
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system. Also the porosity of CTZ micronised system was higher than for Dipac™ at 6 kN 

compression force and Dipac™ presented a greater tensile strength of 1.08 MPa.

Over the range from 3 to 10 kN compression force equivalent to the range of 64-214 MPa 

compression pressure, the tablet porosity of Dipac™ decreased by about 8.38% while the tablet 

tensile strength increased by about 1.33 MPa. The porosity of tablets of CTZ made of spray dried 

crystalline anhydrous and nonhygroscopic (the same characteristics as for Dipac™) material 

decreased by about 13.48% and tablets tensile strength increased by 4.1 MPa. Poorer performance 

of Dipac™ in comparison to NPMP material was most likely due to the significantly (p<0.05) 

greater median particle size of the Dipac™ powder and lower specific surface area of the material.

Figure 7.7 presents the porosity of tablets made of CTZNa NPMPs material versus 

compression pressure.
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Fig. 7.7. Porosity of the tablet (e,) in relation to compression force (F) for: CTZNa dihydrate, 

anhydrous, CTZNa microparticles, CTZNA nanoporous microparticles and Dipac™.

The calculated porosity of the CTZNa NPMP tablets at a compression pressure of 21 MPa 

was 64.51 %; under a compression pressure of 64 MPa this dropped to 46.67% and reached 

31.97% at 128 MPa. Over the range of compression forces analysed the porosity of the tablets 

reduced by about 32.54% gaining 3.86 MPa in the tablet tensile strength. The tablets made 

of nonporous materials tested over a range of compression pressure from 64 MPa to 214 MPa did 

not present such large variations in tablet porosity. Among the nonporous systems the largest 

porosity, of 33.5% at 64 MPa, was recorded for CTZNa MP spray dried material. The CTZNa 

ANH and CTZNa DH materials at 3 kN compression force had porosities of 26.67% and 20.63%, 

respectively. The analysis of the change of tablet porosity versus change of P indicated that CTZNa
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DH, CTZNa ANH and CTZNa MP materials had similar responsiveness regarding increasing 

compression force, but the dihydrated material presented much better performance regarding 

the increase of tensile strength, similar to the NPMP system.

Figure 7.8 presents the relationship between CTZK tablet porosity and the change 

o f compression force and pressure.
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Fig. 7.8. Porosity of the tablet (8t) in relation to compression force (F) for: CTZK dihydrate, 

monohydrate and anhydrous microparticles, CTZK spray dried microparticles, CTZK nanoporous 

microparticles and Dipac™.

The largest change of s, versus rising compression pressure was recorded for CTZK NPMPs 

system. The change of e, was very similar to that o f the equivalent CTZNa NPMPs system. 

The CTZK NPMP tablets compressed at 21 MPa compression pressure had a porosity o f 62.79%. 

After the compression of the powder at 128 MPa the tablet porosity was reduced to 34.17%. 

In the tested range of compression force from 21 up to 128 MPa CTZK NPMPs tablets lost 28.62% 

of porosity, while the tensile strength increased by 4.25 MPa. Analysing tablets o f other CTZK 

materials, at 128 MPa compression pressure the largest tablet porosity of 32.07% was recorded 

for nonporous spray dried material (CTZK MPs). The tablet porosity of micronised CTZK ANH, 

CTZK MH and CTZK DH had descending porosity according to higher degree of hydration, i.e.: 

24.31%, 21.13% and 18.71%, respectively. The same order was maintained at 214 MPa 

compression pressure. A reduction of tablet porosity, by 0.07%, over the tested range of 

compression pressures from 128 to 278 MPa was recorded for CTZK MH micronised material. It 

corresponded to a very small, but statistically significant (p<0.05) change of tablet tensile strength,
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by 0.32 MPa, indicating that this material among all tested presented the worst compactibility 

regarding reduction of tablet porosity and increase of tensile strength with change of compression 

force. This indicates that NPMP systems of API or other pharmaceutical compounds may play 

a role of super-bulking agents, not only by incorporation of additional substance in the tablet recipe 

but also due to the air, enclosed in the nanopores.

Compilation of obtained results of tablet porosity and corresponding tensile strength 

(Figure 7.9) confirms superior compactibility properties of anhydrous and amorphous CTZNa 

and CTZK NPMP systems.
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Fig. 7.9. Porosity of the tablet in relation to tensile strength, for all produced tablets.

At each data point corresponding to a certain compaction pressure or compaction force NPMP 

systems present higher tensile strength and higher porosity of the tablet when compared to the rest 

of the tested systems. Porosities of CTZK NPMPs and CTZNa NPMPs tablets (at a given 

compression pressure) are very similar; however CTZK NPMPs tend to have slightly higher tensile 

strengths.

7.2.5. Compression force versus tablet specific surface area
The porosity of NPMP tablets was seen to be reduced with increasing compression 

pressure and at 128 MPa was close to values of tablet porosities, made of conventionally processed 

materials, of about -30%. Porosity of tablets may not reflect changes in the specific surface area 

of compressed materials. In order to evaluate changes of specific surface area of the compressed 

materials, tablets were subjected to BET analysis. It was hypothesised that particular compaction 

mechanisms can impact directly on the specific surface area of the material after compaction.
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The mechanisms expected to enlarge specific surface area of the material are crushing and plastic 

deformation. The mechanisms reducing specific surface area are fusion o f particles into larger 

agglomerates. Interlocking o f particles or elastic deformation under compression are considered 

as compaction mechanisms which do not have an impact on the specific surface area o f the tablets 

(Augsburger and Hoag 2008).

Analysis o f changes o f the specific surface area o f Dipac™ (Fig. 7.10) indicated that 

the original Tbet o f 0.2 m^/g measured for loose powder started to increase when the same material 

was analysed as a compacted tablet at 3 and 6 kN compression force. The measured Tbet reached 

an inflection point at 10 kN and decreased at 13kN.

Compression pressure [MPa]

0 50 100 150 200 250
5.0

4.5-

4.0-

3.5-

0.5-

0.0
10 120 2 6 84

Compression force [kN]

■ CTZNPMPs ♦  DIPAC A  CTZ

Fig. 7.10. Specific surface area o f the tablet ( T b e t )  in relation to compression force (F) for:

Dipac™, CTZ and CTZ NPMPs.

Under increasing compression force (pressure) the bed o f powder placed in the die between 

upper and lower punches starts to compact firstly by migration o f powder and interlocking 

(Augsburger and Hoag 2008). Secondly, elastic deformation can occur with increasing 

compression pressure; this elastic deformation may transfer into a permanent change o f particle 

shape, i.e. plastic deformation. Further increase o f compression load may result in particle

cracking, crushing together with the same processes as those occurring at lower loads. Finally,

under high compression pressure, smaller particles can merge (fuse) together into large particles.
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Analysis of changes in T b e t  for Dipac™ (Fig. 7.10.) suggests that under lower loads 

(compression pressure) particles undergo firstly plastic deformation and crushing and then, when 

a compression force of over 10 kN is applied, these processes cease and small particles fuse 

together, as shown by the decreased T b e t  of compressed material.

In contrast to Dipac™, CTZ micronised material did not show a tendency for Tbet 

to decrease over the range of tested compression pressures from 128 to 278 MPa. The T b e t  

measured for the loose powder (0.51 m^/g) was seen to increase in tablets. This indicated that CTZ 

micronised material compacted into tablets predominantly due to crushing and interlocking, 

however plastic deformation can not be excluded, but no fusion of particles can be determined, 

as a reduction in Tbet was not observed.

The CTZ NPMP system performed differently. The T b e t  of loose powder was 3.92 m^/g 

and increased slightly for the material compressed under 3 kN compression force to 4.75 m^/g 

and under 6 kN to 4.8 m^/g, only to drop to 4.44 m^/g when a compression force of 10 kN was 

used. The pattern of change of T b e t  of CTZ NPMPs indicated that processing of CTZ can result 

in a change in the mechanism of powder compaction. The pattern of change of T b e t  presented
 __   TTKX TTVjf

by CTZ NPMPs was similar to that presented by Dipac , although for Dipac the reduction 

in the Tbet occurred at a higher compression pressure than for CTZ NPMPs.

Figure 7.11 presents the behaviour of Tbet of CTZNa materials after compression 

into tablets. Analysis of the Tbet of micronised CTZNa ANH at the first compression pressure 

point revealed fiision of the material, as the Tbet decreased from 3.07 m^/g (loose powder) 

to 2.61 m^/g (tablet compressed at 3 kN compression force).

174



Chapter 7 Results and discussion
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Fig. 7.11. Specific surface area o f the tablet ( T b e t )  in relation to compression force (F) for: CTZNa 

DH, CTZNa ANH, CTZNa MPs and CTZNA NPMPs.
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This untypical behaviour may be ascribed to the layered (foliated) structure 

of the microparticles of anhydrous CTZNa, recorded on SEM pictures (Figure 7.12c) (similar 

to slate rock). Foliating of particles of CTZNa DH form was not observed (Figure 7.12a). Foliation 

may be ascribed to evaporation of water molecules layered in the crystal structure, as presented 

in Chapter 3, looking at the packing of molecules of CTZNa in the crystal structure of CTZNa 

dihydrate along the a axis. There is a possibility that reduction of Tbet at the initial compression 

force of 3 kN may be assigned to compression of voids left after water in the crystal structure was 

evaporated. At 6 kN compression pressure T b e t  increased over loose powder up to 3.4, indicating 

the possibility of cracking (Figure 7.12b) of particles, and slightly dropped to 3.16 mVg 

at compression pressure of 214 MPa, where possibly particles started to ftise.

In contrast to CTZNa ANH, CTZNa DH indicated a constant drop of T b e t  from the value 

presented for the loose powder (2.69 m^/g) to 0.89 m^/g at the compression force of 3 kN, 

to 0.7 m^/g at the compression force of 13 kN. This indicated that particles of this system fused 

together very easily even at low compression, possibly due to molecules of crystal water.

The behaviour of T b e t  of tablets made of CTZNa MPs was similar to that for CTZ NPMPs, 

where firstly particles started to crack and break, increasing T b e t  slightly, an equilibrium was 

reached between 3 and 6 kN and then the Tbet dropped at 10 kN compression force suggesting 

fusion of particles.
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•0 '00 fafn

e) e)

Fig. 7.12. SEM images of: a) morphology of CTZNa DH, b) cross section of the tablet made 

of CTZNa DH compressed at 6 kN, c) morphology of CTZNa ANH, d) cross section of the tablet 

made of CTZNa ANH compressed at 6 kN, e) cross section of the tablet made of CTZNa NPMPs 

compressed at 6 kN.
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Tbet reduction under increasing compression pressure was also recorded for the CTZNa 

NPMPs system. This indicated that particles o f this system compacted predominantly due 

to the fusion o f particles, regardless o f the compaction pressure.

Figure 7.13 shows the relationship between Tbet and compression force for all CTZK 

systems. The reduction in Tbet for the NPMPs tablets was approximately linear, similarly 

as for the CTZNa NPMPs in the range o f 1 kN to 6 kN compression force. The change in Tbet 

for CTZK MH and CTZK MPs tablets on rising compression pressure was very low, indicating 

that these systems were compacted mainly due to elastic deformation and interlocking. Micronised 

CTZK ANH material behaved similarly to Dipac™, but differently to the equivalent CTZNa ANH 

system. CTZK ANH did not present a Tbet drop at the initial compression pressure, which may be 

ascribed to the different crystal structure o f the hydrate, where, in contrast to CTZNa, chlorine 

atoms of CTZ are involved in direct coordination bond with potassium, as was presented in Chapter 

4, which may prevent foliation as was described for CTZNa ANH.

Figure 7.14 compiles the Tbet with porosity data o f the tablets for all tested systems. 

It indicates that the NPMPs systems of CTZK and CTZNa formed porous tablets made o f materials 

with very large specific surface areas, which was not possible to achieve by compaction 

o f conventionally produced materials. NPMP tablets, despite undergoing compression and reaching 

the porosities of tablets made o f conventionally processed materials, still preserve large T b e t  

o f pre-compressed material.

Figure 7.15 compiles the Tbet values versus tensile strength o f the tablets for all tested 

materials. It indicates that the NPMPs systems of CTZK and CTZNa formed strong tablets made 

o f materials with large specific surface areas. The tensile strength o f NPMPs tablets was 

comparable or higher to the tensile strength o f tablets made o f conventionally produced materials.
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Fig. 7 .1 3 . Specific surface area of the tablet ( T bet)  in relation to compression force (F) for: CTZK 

dihydrate, monohydrate and anhydrous microparticles, CTZK spray dried microparticles 
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7.2.6. Dissolution test results
It was hypothesised that the large Tbet of the NPMP powders preserved in formed tablets 

and the porosity of the tablets may promote faster dissolution of NPMP tablets over tablets made 

of conventional materials and present better dissolution characteristics. The tablets selected 

for dissolution studies were those compressed at the same compression pressure of 128 MPa 

corresponding to compression force of 6kN. Additionally, NPMPs tablets investigated were also 

compressed at 21 MPa and 64 MPa.

Among all the tested systems of CTZNa materials (Figure 7.16) the fastest release of API 

was recorded for tablets made of NPMPs compressed at a compression force of 21 MPa. 

The tensile strength of these tablets was 0.62 MPa at the tablet porosity of 64.5% which 

corresponded to 64.7m^/g of specific surface area of compacted CTZNa. Dissolution of tested 

tablets was very fast, as 100% of the 250 mg dose was released (at a paddle rotation speed 

of 50 rpm) between the third and fourth minute of the experiment. Tablets made o f the same 

material compressed at 64 MPa performed nearly as well, though the difference in the performance 

among the tested tablets was slightly increased, resulting in slightly larger standard deviations. 

The pattern of increasing standard deviations was confirmed by testing tablets compressed 

at 128 MPa. These tablets had a very high average tensile strength of 4.48 MPa and this perhaps 

resulted in the large standard deviations.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

time [min]

♦  CTZNa NPMPs (1 kN) ■ CTZNa NPMPs (3 kN) a  CTZNa DH (6 kN)

A CTZNa NPMPs (6 kN) •  CTZNa ANH (6 kN) •  CTZNa M Ps (6 kN)

Fig. 7.16. Dissolution profiles of chlorothiazide sodium tablets. Compression force used is given 

in brackets.
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Tablets made o f NPMPs compressed at the highest tested compression pressure 

of 128 MPa released 100% of the API dose after 12 minutes. This was only slightly better than 

the dissolution performance of tablets made o f CTZNa MPs compressed at 6 kN. The C T 2^a  MP 

tablets released 100% o f the API after 19 minutes which was similar to the performance o f tablets 

made of micronised CTZNa DH. What is interesting is that CTZNa DH tablets performed better 

than those made of CTZNA ANH even though the latter had larger Tbet and tablet porosity 

and lower tensile strength (Appendix I, Table 1.4) in comparison to CTZNa DH tablets. Thus, 

it was expected that the CTZNa ANH tablets would exhibit faster dissolution than those formed 

trom CTZNa DH. The cause of the lower dissolution rate of CTZNa ANH may be associated 

with hydration of CTZNa ANH to CTZNa DH during dissolution. Similarly, lower dissolution 

rates, in comparison to tablets made o f hydrated theophylline, were observed for anhydrous 

theophylline tablets (Debnath and Suryanarayanan, 2004). This was ascribed to hydration 

of theophylline upon dissolution study. In the case o f CTZNa ANH, 100% API was dissolved only 

after 30 minutes.

Considering the dissolution profiles o f CTZK materials (Figure 7.17), the best dissolution 

performance was observed for tablets made o f CTZK NPMPs.

It

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

time [min]

♦  CTZK M Ps (6 kN) ■  CTZK NPM Ps (1 kN) a CTZK MH (6 kN) ■ C T Z K D H (6kN )

•  CTZK ANH (6 kN) •  CTZK NPM Ps (3 kN) a  CTZK NPM Ps (6 kN)

Fig. 7.17. Dissolution profiles o f chlorothiazide potassium tablets. Compression force used is given 

ii brackets. Only negative error bars are presented for some curves for clarity purposes.

With increasing compression pressure used to prepare NPMPs CTZK tablets, larger 

standard deviations were observed for the dissolution profiles. The best CTZK tablets in terms 

of time taken to release 100% of the API were those compressed from CTZK NMPS at 1 kN,
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however it took 2 minutes longer, in comparison to the equivalent CTZNa NPMPs tablets, 

to release the whole API content (6 minutes). The time to release 100% of the dose from tablets 

made of NPMPs compressed at 3 kN was about 9 minutes and for the tablets compressed at 6 kN 

was about 19 minutes. The release profile of CTZK NPMPs tablets compressed at 6 kN was 

characterised by the greatest standard deviation.

In comparison to the tablets of CTZK NPMPs compressed at 6 kN, the dissolution profile 

for tablets of CTZK DH compressed at 6 kN had smaller standard deviations of the dissolution 

profile, but the tensile strength of these tablets was 3.77 MPa lower. The dissolution profiles these 

2 systems did not vary as indicated by the overlapping standard deviation bars. CTZK ANH tablets 

were found to release the drug slower than CTZK DH, in accordance 

to the previous observations of the equivalent CTZNa tablets. But the release of the drug fi-om 

the CTZK ANH tablets was faster than from the tablets made of CTZK MH, which may suggest 

that hydration of CTZNa ANH to DH during dissolution is faster than that of CTZK MH to DH.

CTZK ANH tablets had larger tensile strength than CTZK MH tablets and nearly 10% 

lower tablet porosity, but compressed CTZK ANH had two-times larger specific surface area 

(2.07 m^/g) than CTZK MH (1.23 m^/g). Despite the differences, CTZK ANH and CTZK MH 

tablets released 100% of the API dose within 30 minutes. This was 10 minutes slower than the time 

required to release 100% of dose for the tablets made of CTZK DH and CTZK NPMPs tablets 

compressed at 6 kN.

The slowest dissolution was recorded for tablets made of CTZK MPs characterised by low 

tensile strength (0.93 MPa), relatively high tablet porosity (32%) and specific surface area 

of compacted material of about 1.23 m^/g. It may be observed that, up to the fifth minute 

of dissolution this system dissolved faster than CTZK MH tablets and comparably well as CTZK 

ANH, however after the fifth minute the dissolution of the API was significantly slowed down 

and up to 30-th minute only about 50% of the API had dissolved.

Comparing the two compressed tablet systems made of pure CTZ material and CTZ 

NPMPs, the API dissolution was faster from the CTZ tablets (Figure 7.18), although standard 

deviations were smaller for tablets made of spray dried CTZ NPMPs. The CTZ NPMPs tablets 

compressed at 128 MPa compression pressure had significantly larger tensile strength compared 

with CTZ tablets (2.38 vs. 0.92 MPa), over 10% higher tablet porosity and 6 times larger specific 

surface area of the compacted material. For the CTZ systems, the factor predominantly impacting 

(improving) dissolution profile is low tensile strength of the tablet over its porosity and T b e t  

of compressed material.
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Fig. 7.18. 

brackets.

Dissolution profiles of chlorothiazide tablets. Compression force used is given in

The tablets were observed to change the surface area during dissolution; therefore 

the Hixson Crowell model (Eq. 1.15) was selected to describe the experimental dissolution profiles. 

To calculate the K 1/3 caic. parameter (Eq. 1.16) ,aqueous solubility values for CTZ, CTZNa DH  

(Chapter 3) and CTZK D H  (Chapter 4) were used. The diffusion coefficient (D ) value was 

estimated based on that for benzoic acid (Healy et al., 2002) correcting for the molecular weight 

of the drugs using the Einstein-Stokes equation (Eqn. 7.1).

k j
D  = Eqn. 7.1.

SUr/f
Where T is the temperature of medium, q is the local viscosity o f medium, r is the radius 

of molecular sphere and ke -Boltzmann constant is equal to =  where R is the ideal gasN,
constant (8.3145 J/mol K ) and Na is the Avogadro’s number (6.0221 10̂  ̂ 1/mol). Eqn. 7.1 suggests 

that the diffusion coefficient is inversely proportional to the cube root o f its molecular weight 

assuming that the molecules are approximately spherical and have similar densities Jackson (2006). 

The diffusion layer thickness value, characterised by the hydrodynamic conditions o f dissolution 

experiment, was adopted from the same study (Healy et al., 2002). The calculated, theoretical K 1 /3  

calc, values are listed in table 7.4. The Hixson Crowell equation was fitted to each
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o f  the experimental dissolution profiles to obtain the experimental K 1 /3  fitted values which are 

presented in table 7.5.

The Ki/ 3  fitted values did not agree with the K 1 /3  caic. values (Table 7.5), with the exception  

o f tablets made o f  CTZK MPs. Values o f  K 1 /3  fi„ed o f  a 1.7-to 18-fold greater were observed, with 

the tablets made o f  CTZNa NPMPs compressed at 21 and 64 MPa showing the greatest differences. 

It was therefore apparent that the experimental dissolution profiles did not match the theoretical 

dissolution profiles described by the Hixson Crowell model as exemplified in figure 7.19.

The discrepancy between the model and experimental data suggested that dissolution 

o f the tablets occurs much faster than it could be expected from the Hixson Crowell model. 

Therefore it is possible that this faster dissolution could be related to disintegration o f  the tablets 

during dissolution, which would affect the linear change o f  surface area o f  dissolving material. 

Disintegration may occur due to water penetrating into the tablet, resulting in its disintegration 

and erosion. The eroded elements o f  tablets floating in the dissolution medium could increase 

the surface area o f  the material subjected to dissolution.

Erosion and disintegration o f  the tablets was not observed (visually) during dissolution 

studies. For the tablets made o f  CTZ salts it was most likely due to their high solubility 

and for the CTZ tablets it was due to the low dissolution rate and perhaps much slower erosion 

o f  tablets. Therefore, to visualise any potential erosion and disintegration o f the tablets, they were 

immersed in saturated solutions o f  the corresponding tablet material. As pictured in figure 1.10 

(Appendix I), the difference between not eroded tablet and tablet recovered after an hour is easily 

discernible. The recovered tablet had rough surfaces that may have been formed due 

to fragmentation/disintegration o f  the compact. Figure 1.11 (Appendix I) presents clouding 

o f  the CTZ saturated medium due to tablet erosion and fragments o f  the tablet floating in the liquid. 

Similar study was performed on a CTZNa tablet. Figure 1.12 (Appendix I) presents considerable 

visual erosion and disintegration o f  the tablet. The tablet recovered from the dissolution medium 

(presented in figure 1.13) (Appendix I) was covered with a thick film o f  loose undissolved material. 

Consequently, these experiments provided an evidence o f  the disintegrating nature o f the tablets 

investigated and explained why the Hixson Crowell model reproduced the dissolution profiles 

poorly.
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Table 7.4. Calculated theoretical Ki/3 caic for the H ixson and Crowell m odel (Eqn.1.16).

Material K , / 3 c a . c .

CTZ 3.24-10-^

CTZNa 0.00123
CTZK 0.00119

Table 7.5. Parameters o f  the experimental dissolution profiles fitted to the H ixson and Crowell 
model.

Tablet system K,/3 fitted Ki/3 fitted/ Ki/3 calc.
CTZ (128 MPa) 0.9998 3.08E-5±1.16-10'" 9.52

C T Z N P M P s(128  MPa) 0.9926 1.79E-5±3.88-10‘" 5.53

CTZNa NPM Ps (21 MPa) 0.9740 0.0229±8.43-10-^ 18.62
CTZNa NPM Ps (64 MPa) 0.9660 0.0171±6.33-10-" 13.90

CTZNa NPM Ps (128 MPa) 0.9628 0.00801 ±1.3 89-lO'^ 6.51
CTZNa D H (1 2 8  MPa) 0.9760 0.00334±  1.086-10"^ 2.72

CTZNa A N H (1 2 8 M P a ) 0.9910 0.00206±2.95-10-' 1.67
CTZNa M P s(128  MPa) 0.9991 0.00350±1.74M 0-^ 2.85

CTZK NPM Ps (21 MPa) 0.9927 0.0102±1.2-10-" 8.55

CTZK NPM Ps (64  MPa) 0.9857 0 .00730±1.04M 0"' 6.12

CTZK NPM Ps (128 Mpa) 0.9923 0.00374±4.599-10'^ 3.13
CTZK D H (1 2 8  MPa) 0.9691 0.00399±1.531-10 ‘̂ 3.34

CTZK MH (128 MPa) 0.9709 0.00199±5.25-10'' 1.67

CTZK A N H  (128 MPa) 0.9912 0 .0 0 2 4 6 ± 3 .7 M 0 '' 2.06

CTZK M P s(128  MPa) 0.9602 0 .0 0 1 13± 1.96-10'’ 0.95
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Fig. 7.19. Experimental and calculated dissolution profiles o f  a) CTZ NPMPs (128 MPa), b) 

CTZNa NPMPs (64 MPa) and c) CTZK NPMPs (64 MPa). Experimental data are presented 

as filled squares are, the red line is the best fit to the Hixson Crowell model (R  ̂ and K 1/3 

as per Table 7.5.) and the blue line is a calculated dissolution profile based on the theoretical 

Ki/3 caic. (Table 7.4).
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7.3. Conclusions
NPMPs produced by spray drying had better tabletability performance, as seen from single 

point measures of force to tensile failure, tensile strength and tablet porosity versus compression 

pressure (compression force) used to compact material in comparison to tablets made 

of conventionally processed materials. The tablets made o f NPMPs presented higher tensile 

strength and higher tablet porosity than those made o f crystalline, micronised and non-porous spray 

dried material or material designed for direct compaction (Dipac™). Moreover, NPMPs compacts 

maintained large specific surface area, at the same time presenting large tablet porosity 

and satisfactory tensile strength. Salt (CTZNa and CTZK) NPMP tablets presented very good 

dissolution test performance, presenting the shortest times for dissolution of 100% of the API. 

NPMPs may be considered as suitable for direct compaction and for inclusion in tablets 

formulations as bulking agents, APIs, carriers or binders due to their good compactibility 

performance.
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8.1. Introduction
Salbutamol is a p2-mimetic used as a bronchodilator which is presented as the (±) racemic 

mixture in pharmaceutical inhalers (propellant-based and dry powder), nebules, injections, syrups 

and tablets, including controlled-release forms (BMJ, British National Formulary). The hemisulfate 

salt (commonly referred to as salbutamol sulfate) is the most common form o f salbutamol used 

in pharmaceutical products however the (/?)-salbutamol hydrochloride form is also available 

on the market as an inhalation solution (Xopenex™, manufactured by Sepracor Inc.). Although 

some other salbutamol salts have been reported in the literature, e.g. ethanolated salbutamol adipate 

and salbutamol stearate (Jashnani et al., 1993), to date only two crystal structures are reported 

in the Cambridge Structural Database: salbutamol base (SB) (Beale and Grainger, 1972) 

and salbutamol sulfate (SS) (Leger et al., 1978). The information about the solid state nature 

o f other forms o f salbutamol is sparse.

From a pharmaceutical point of view, different solid-state characteristics o f salt forms can 

resuU in different in vitro solubility and dissolution properties, which in turn can result 

in an alteration of the in vivo activity of the active pharmaceutical ingredient (API). In particular, 

for pulmonary delivery, possibilities for modification o f the dissolution profile o f the API from 

a formulation point o f view are limited and may result in additional costs and regulatory obstacles 

associated with the development o f a new drug product. This may be avoided by the direct 

production of alternative crystalline forms of the API with the desired solubility and dissolution 

profiles. The marketed solid dosage forms contain only SS, which is freely soluble in water 

(European Pharmacopoeia, 2010). The advantage o f prolonged release tablets containing SS was 

reported in clinical studies (Vyse and Cochrane, 1989). New prolonged release oral dosage forms 

containing SS include hard capsules VentMax™ and tablet forms; Volmax CR™, Vospire ER™ 

(Murthy and Shobharani, 2004). Both, prolonged release capsules and tablets containing SS have 

monographs in the British Pharmacopeia. A transdermal delivery patch o f SS was also developed 

(British Pharmacopeia 2010).

This study investigated the impact o f replacing the sulfate anion in the SS salt structure by 

an organic dicarboxylic acid, either the four-carbon chain, succinic (butanedioic) acid 

or the six-carbon chain, adipic (hexanedioic) acid, on the physicochemical characteristics 

of the API. These two organic acids were chosen in order to investigate the impact o f small 

changes in the chemical structure of the co-former on the physicochemical properties 

of the resulting salbutamol forms. A reasonable correlation between the melting points o f organic 

co-formers and melting points o f the resulting salts was previously reported for diclofenac 

(O’Connor and Corrigan, 2001). The authors also observed a trend between the salt melting point 

and the logarithm of the solubility. The reported melting points of adipic and succinic acids are 

-151-154 °C and -185-187 °C, respectively (Stahl and Wermuth, 2008), hence it may be 

hypothesized that the succinate would have a lower solubility than that o f the adipate. On the other
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hand, increasing the hydrophilicity o f the counterion as a means o f increasing the water solubility 

o f the resultant salt has been proposed and investigated for a series o f erythromycin (Anderson 

and Conradi, 1985). The calculated logPs o f adipic and succinic acid are 0.356 and -0.655 

respectively (Veber et al., 2002), indicating that a salt o f adipic acid may be less soluble than that 

o f succinic acid. The study performed by Li at al. (2006) successftilly investigated the possibility 

o f forming ionic (salts) or neutral (co-crystals) complexes of a heterocyclic base (an ErbB2 

inhibitor for the treatment o f cancer) with dicarboxylic acids comprising succinate, malonate 

and maleate co-formers. The acids (adipic and succinic) used in the current study have similar pKa 

values. The pKal and pKa2 for succinic acid are 4.21 and 5.64 (Stahl and Wermuth, 2008) 

and for adipic acid these are 4.44 and 5.44 (Stahl and Wermuth, 2008). As pKas o f salbutamol are 

9.1 and 10.4 (Imboden and Imanidis, 1999), it was expected that the new forms of the API would 

be novel 1:1 salts o f salbutamol.

Both acids are classified by the U.S. Food and Drug Administration (FDA) as Generally 

Recognised As Safe (GRAS) and listed in the European Pharmacopeia (European Pharmacopoeia, 

2010). Adipic acid is currently used to produce salts of piperazine (Entacyl™) and spiramycine 

(Rovamycine™ injectable form) (Stahl and Wermuth, 2008). Succinic acid is used to form salts 

o f e.g. benfurodil, bamethan, chloramphenicol, cibenzoline, deanol, doxylamine, ergotamine, 

loxepine, metoprolol, oxaflumazine, sumatriptan and iron (Fell) (Stahl and Wermuth, 2008).
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8.2. Results and discussion

8.2.1. Single crystal X-ray analysis
Single crystal analysis of salbutamol adipate (SA) and salbutamol succinate 

tertmethanolate (SSU.MeOH) was undertaken, o f which details are shown in Table 8.1. Crystals o f 

SA are centrosymmetric, with both enantiomers present in the lattice. Figure 8.1a presents the 

atomic labelling in the unit-cell o f the adipate system, which has a 1:1 ratio o f salbutamol base to 

adipic acid. The adipate exists in the lattice in both protonated 0(5) and ionized (0(6), 0 (7 ) forms, 

as shown by the C -0  distances: 1.322(2) A for the protonated form, and C(17)-0(6): 1.265(1) A 

and C(17)-0(7): 1.261(2) A for the ionized form. In addition, there is some disorder 

in the hydroxyl group on the stereogenic centre, C(8). Further views o f the crystal packing are 

depicted in Figure 8.2 a, b.

Table 8.1. Crystallographic data for SA and SSU.MeOH.

Analysis parameters SA SSU.MeOH
Crystal system triclinic monoclinic
Space group PT P2i/n
Z 2 4

Unit cell dimensions
a = 9.733(3)A a  = 66.354(5)° 
b =  10.700(3)Ap = 86.080(6)° 
c =  10.926(3)A 7 = 67.906(5)°

a =  10.3934(5)A
b = 20.2011(10)A p =114.5300(10)° 
c =  10.3962(5)A

Volume, A"* 961.2(4) 1985.76(17)
R' [I>2ct(I)], wR  ̂ (all data) 0.038, 0.090 0.039, 0.104

Crystals o f SSU.MeOH (Figure 8.1b) are also centrosymmetric and were determined to be 

solvated with methanol molecules (Figure 8.2c and 8.2d). This was subsequently confirmed 

by DSC, TGA, elemental analysis and ’H NMR spectroscopy. The succinate was found in its 

ionized form, with C-O bond distances of 1.274(1) A and 1.253(2) A. The SSU.MeOH 

stoichiometry was 2:1:4.

8.2.2. Analysis of hydrogen bond network
Analysis of the hydrogen bonds in SA (Table 8.2) reveals that the vast majority o f these 

bonds occur between the hydroxyl groups on the salbutamol and the ionized adipic carboxylate. 

This carboxylate is also hydrogen bonded to the secondary amine group o f salbutamol. 

The protonated adipic acid does not play a crucial role in the creation of the hydrogen bond 

network, with only one hydrogen bond to a hydroxyl group of the salbutamol molecule

193



Chapter 8 Results and discussion

Table 8.2. Hydrogen bonding in SA.

D-H...A D-H [Al H...A [Al D...A [Al D-H...A [°1
N(l)-H(l)A...O(7) 0.951(19) 1.845(19) 2.7945(18) 175.6(14)
N(1)-H(1)B...0(1)B 0.96(2) 2.404(18) 2.808(5) 105.0(12)
N(l)-H(l)B...O(6)"^ 0.96(2) 1.88(2) 2.8353(18) 172.2(16)
0(1)A-H(1)C...0(7)"> 0.84 1.93 2.7619(19) 169
0(1)B-H(1)D...0(6)"> 0.84 2.46 2.816(5) 106
0(1)B-H(1)D...0(7)"' 0.84 1.79 2.609(5) 166
0(2)-H(2)A...0(6)'’̂ 0.84 1.81 2.6327(17) 165
0(3)-H(3)A...0(4f' 0.84 1.92 2.7437(18) 167
0(5)-H(5)...0(3)‘‘̂ 0.88(3) 1.76(3) 2.6314(18) 172(2)
C(6)-H(6)...0(3) 0.95 2.50 2.8470(19) 101
C(8)-H(8)B...O(2)"^ 0.99 2.54 3.457(2) 154
C(16)-H(16)A...O(l)B"> 0.99 2.29 3.148(5) 144
Symmetry codes: (a)l-x, -y, 1-z; (b) 1-x, -y, 2-z; (c) -x , -y, 2-z; (d) 1+x, 1+y, -1+z;

Interestingly, analysis of the hydrogen bonds in methanolated salbutamol succinate 

(Table 8.3) reveals the crucial role of the methanol in the formation of the lattice and no significant 

interaction with the ionized succinate. Two molecules of methanol are hydrogen bonded together. 

There is an 0-H ...0  interaction with the hydroxyl group of salbutamol, as well as 0-H ...0  

hydrogen bonding between the methanol hydroxyl group and salbutamol. In addition, 

the carboxylate of the succinate interacts with the secondary amine and a hydroxyl group 

of salbutamol.

Table 8.3. Hydrogen bonding in SSU.MeOH.

D-H...A D-H [Al H...A [Al D...A [Al D-H...A [°1
0(1)-H(1)...0(5)"> 0.84 1.79 2.6297(14) 173
N(1)-H(1)A...0(4)*’̂ 0.929(18) 1.852(19) 2.7786(15) 175.0(13)
N(1)-H(1)B...0(1)'^ 0.912(16) 1.924(17) 2.7953(13) 159.1(17)
0(2)-H(2)A...0(7)“̂ 0.84 1.80 2.6312(16) 171
0(3)-H(3)A...0(4)"' 0.84 1.85 2.6721(13) 165
0(6)-H(6)A...0(3)®^ 0.84 1.84 2.6754(13) 174
0(7)-H(29)...0(6)‘'> 0.84 1.81 2.6523(15) 176
C(2)-H(2)...0(5)"^ 0.95 2.53 3.4744(14) 177
C(6)-H(6)...0(3) 0.95 2.56 2.8788(14) 100
C(8)-H(8)A...O(2)"' 0.99 2.38 3.3068(15) 155
C(I1)-H(11)B...0(2)‘’ 0.98 2.57 3.5145(15) 162

Symmetry codes: (a) 1-x, 2-y, 2-z; (b) 1+x, y, z; (c) 2-x, 2-y, 2-z; (d) x, 1+y, z; (e) 1-x, 2-y, 1-z; 
(f) 3/2-x, -I/2+y, 3/2-z; (g) x, -1+y, z; (h) -1/2+x, 1/2-y, 1/2+z
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Fig. 8.1. a) SA and b) SSU.MeOH showing the atomic labeling. The solvent molecules 

in SSU.MeOH are omitted for clarity. Probability ellipsoids are shown at the 50% level.
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A comparison of the crystal packing of SSA (Fig. 8.2a,b) with SSU.MeOH (Fig. 8.2c,d) indicates 

why SSA contains an “additional” protonated molecule of adipic acid. It can be seen that SSA 

molecules packing along the c axis (Fig. 8.2b) consists of channels made of salbutamol molecules. 

These channels are placed centrally around the molecules of adipic acid. The adipic acid molecules 

are placed one below the other, alternating ionized with protonated molecules in each layer. 

The ionized carboxylic groups of adipic acid face towards the secondary amine moieties 

of salbutamol molecules, while protonated groups are placed in close proximity to methoxyls 

of the benzene ring of salbutamol molecules. This indicates that the ionized acid stabilizes more 

polar parts of the salbutamol molecule, where partial polarizability of R-NH-Me-MeOH molecule 

fragment was calculated to be a: 15.68±0.5 while the protonated molecule is responsible for 

interaction with less polar parts of salbutamol, where partial polarizability of HOMe-Ar part was 

calculated to be: a 12.96±0.5 A .̂ The interaction is promoted by the close proximity of carboxylic 

acid groups to the channels formed by salbutamol molecules.

Fig. 8.2. a) unit cell of SA, b) extended packing diagram of SA along c axis, c) unit cell 

of SSU.MeOH, d) extended packing diagram of SSU.MeOH along b axis. Carbons-grey, 

hydrogens-yellow, nitrogens- blue, oxygens- red.

a) b)
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This is due to the similar length o f adipic acid to the length o f the between-salbutamol channel, i.e. 

approximately 8 A -0(5)-0(5) distance.

Succinic acid is much shorter than adipic acid, the 0 (5 )-0 (4 ) distance is approximately 5 A, 
and forms a different arrangement to SSA along the c axis. Despite the fact that the pKa(s)l,2 

o f succinic acid (4.21 and 5.64 at 25 °C) (Stahl and Wermuth, 2008) and adipic acid (4.44 and 5.44 

at 25 °C) (Stahl and Wermuth, 2008) are only slightly different, this difference seems to be large 

enough to allow ionized succinic acid to stabilize the amine group and neighboring hydroxyl 

o f salbutamol simultaneously. In SSU.MeOH each salbutamol molecule is stabilized, as described, 

by a succinic acid from the one side and a second molecule o f salbutamol, in that the amine group 

of SB(A) interacts with the hydroxyl next to the amine group of SB(B). The solvated nature 

of SSU.MeOH arises from the interaction o f H-bond dimers (as later described in hydrogen bond 

network analysis) of methanol with hydroxyls o f salbutamol.

Haynes and co-workers presented a review reporting the occurrence o f pharmaceutically acceptable 

anions and cations in the Cambridge Structural Database (CSD) (Haynes et al., 2005). No examples 

of a co-crystal o f a salt of adipic acid were reported and only 23 co-crystalline forms o f adipic acid 

were found. The same report indicated the occurrence o f only 9 salts o f succinic acid indicating 

that both forms of salbutamol presented here are rare in terms o f their solid state structures. The SA 

reported in the current work should be classified as a co-crystal o f the salbutamol hemiadipate salt 

with adipic acid in contrast to the previously reported ethanolated salt of salbutamol hemiadipate 

(Jashnani et al., 1993).

Previously, a co-crystal of the salt of the API with an unionized counterion was reported 

for the anticonvulsant drug valproic acid, where the API comprised co-crystalline form o f sodium 

valproate salt with valproic acid (Petrusevski, et al. 2008). The use o f co-crystals in a similar 

manner to salts in order to alter the physicochemical properties of API has been comprehensively 

investigated (Bailey et al., 2003, McNamara et al., 2006, Variankaval et al., 2006, Zegarac, 2007, 

Shan and Zaworotko, 2008, Dova et al., 2008, Cheney et al., 2010), though only one paper 

published so far reports on the co-existence of dianions and an unionized form o f the acid 

in the same crystal lattice, similarly to what we have determined for SA, it was a hydrated crystal 

o f escitalopram oxalate with oxalic acid (Harrison et al., 2007).
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8.2.3. Hirshfeld surfaces analysis
Hirshfeld surfaces analysis (Fig. 8.3) allowed for visualization and comparison 

o f reciprocal interactions among atoms in crystal lattices o f salbutamol base and salbutamol sulfate 

compared to salbutamol adipate and succinate. The visualization is based on a 3-D surface 

surrounding a single molecule of salbutamol.

Noticeably, the same chemical structure o f salbutamol may present different intensity o f reciprocal 

interactions externally and internally to the Hirshfeld surface. Red places named “hot spots”, 

indicate areas o f salbutamol molecules where the interactions are the strongest and the distance 

between attracting atoms is shorter than in the case o f attraction caused by Van der Waals forces 

(corresponding to white colour on Hirshfeld surface). In all o f  the derivatives o f salbutamol, 

the most involved areas in the formation o f hot spots include hydroxyl groups, where hydrogens 

and oxygens generate separate, independent crystallographically hot spots and the secondary amine 

group. Hirshfeld surface analysis also confirmed that hydrogens of methyl groups o f the butyl 

moiety, secondary methyl group and hydrogens o f the benzene ring are able to form weak hot spot 

interactions. It is evident that the molecule o f salbutamol in the crystal structure o f SB forms 

an intensive hot spot interactions close to 0(1)-H (1), the same as in co-crystalline form o f SA, 

while this interaction is visibly weaker for salbutamol molecules forming crystal structures o f salt 

forms SS and SSU.MeOH. The intensity o f hot spot interaction also differs in the case 

o f the methoxyl group 0(3)-H (3) attached to the benzene ring o f salbutamol. Involvement 

in the strongest (the most intense red color) interaction was for 0 (3) o f SB, a slightly weaker 

interaction was demonstrated by H(3) in crystal structures o f SA and SSU.MeOH, while 0(3) 

contact lost its intensity. The SS structure presented two weak hot spots, one from the oxygen 

and the other from hydrogen atom. The weakest intensity and distribution on Hirshfeld surface 

o f hot spot interactions was for salbutamol base and its co-crystalline form. The hot spot 

interactions identified corresponded well with detected H-bond interactions for SA and SSU listed 

in tables 8.3 and 8.4.
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d)

Fig. 8.3. Hirshfeld surfaces ot: a) SB, b) SS, c) SA and d) SSU.
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8.2.4. Results of PXRD analysis
The theoretical powder pattern of SA generated from the single crystal X-ray analysis 

at 100 K (Figure 8.4 a) is consistent with the powder XRD pattern of the bulk material determined 

at ambient conditions (Figure 8.4 b). There are small differences between the two patterns, which 

most likely can be attributed to thermal anisotropic expansion of the lattice.

The bulk material consisted of colorless, transparent, rhomboidal, thin, plate-like crystals.

(O

c
3

■ e

5 10 15 20 25 30 35 40

26 degrees

Fig. 8.4. Comparison of SA PXRD patterns: a) theoretical pattern, b) experimental diffractogram.

Results of PXRD analysis of SSU.MeOH (Fig. 8.5 b) are also consistent with the theoretical PXRD 

pattern (Fig. 8.5 a). Again, small differences between the two patterns can be attributed 

to the different temperatures used for the experiments. Figure 8.8 c presents the PXRD pattern 

of desolvated SSU. Broadening and lower intensity of the Bragg peaks is indicative of damage 

to the crystal lattice due to methanol evaporation, confirming the importance of the solvent 

in crystal lattice formation.
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Fig. 8.5. Comparison o f PXRD patterns: a) SSU.MeOH theoretical pattern, b) SSU.MeOH 

experimental diffractogram and c) SSU experimental diffractogram.

8.2.5. NMR results
Table 8.4 compares 'H  NMR data recorded for SB and the following salts: SS, SA, 

SSU.MeOH and SSU. Results obtained for SB are consistent with data previously reported 

by Regia at al. (1997). 'H  NMR confirmed the presence of methanol in the crystal structure due 

to the methyl group (3.18 ppm), which was absent in the desolvated form. Slight shifts in peak 

positions between SB and salbutamol salt forms may be ascribed to interactions o f molecules 

o f dissolved APIs with DMSO.

Results of '^C NMR analysis are listed in Table 8.5. The number and position o f the carbon peaks 

correlate well with data reported by Regia at al. (1997) for SB. The carbons o f adipic acid appeared 

as three peaks corresponding to 6 symmetrical carbons and the carbons o f succinic acid showed 

as two peaks corresponding to 4 symmetrical carbons. The NMR also detected the carbons 

(17,16) of methanol in the solvated form of SSU.MeOH and their absence in the desolvated form 

(SSU).
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Table 8.4. 'H NMR analysis of SB and SS, SA, SSU.MeOH and SSU.
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Table 8.5. ’ Ĉ NMR analysis of SB and SS, SA, SSU.MeOH and SSU.

Peak
SB SB (Regia at 

al. 1997) SS SA SSU.MeOH SSU

v(Fl) fpptnl v(Fl) fppm] v(Fl) fppm] v(Fl) fppml v(Fl) [ppm] v(Fl) [ppm]
C(10,11,12) 

H(10-12/ABC)
28.9 28.74 26.7 26.4 27.4 27.4

C(9) 49.6 49.8 49.7 49.1 50.1 50.2
C(8)H(8AB) 50.8 50.7 49.6 49.6 49.98 50.0

C(13)H(13AB) 58.3 58.3 58.7 58.8 58.73 58.8
C(7)H(7) 72.4 72.3 70.3 69.9 71.11 71.1
C(2)H(2) 114.0 114.0 114.6 114.7 114.60 114.6
C(3)H(3) 124.8 124.9 125.5 125.3 125.40 125.4
C(6)H(6) 125.0 125.1 125.6 125.5 125.54 125.5
C( 1,4,5) 127.9 127.9 128.6 128.6 128.61 128.6
C( 1,4,5) 134.6 134.5 133.4 133.3 133.79 133.8
C( 1,4,5) 153.1 153.1 153.9 154.0 153.90 153.9
C(14,I7) - - - 176.7 176.18 176.2
C(15,18) - - - 35.9 32.92 32.9
C(16,19) - - 25.6 - -

C(17,16) - - - 49.06 -
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8.2.6. Stoichiometry and elemental analysis
Elemental analysis confirms the molar ratio o f salbutamol and adipic acid in SA is 1:1 

(Table 8.6).

Table 8.6. Comparison o f theoretical values and experimental results o f elemental analysis 

o f carbon, nitrogen and hydrogen contents in salbutamol salts.

Content (%w/w) C % H% N%

SA Theory 1:1 59.20 8.11 3.63
Experimental 59.00±0.01 8.20±0.08 3.68±0.07

SSU.MeOH Theory 56.34 8.90 3.86
Experimental 56.53±0.37 8.19±0.18 3.59±0.53

SSU Theory 2:1 60.38 8.11 4.69
Experimental 60.275±0.05 8.01±0.07 4.61±0.01

Elemental analysis o f SSU.MeOH correlates well with single crystal X-ray analysis data suggesting 

a ratio o f two molecules o f salbutamol to one molecule o f succinic acid to four molecules 

o f methanol, the presence o f which in the crystallized material was confirmed by NMR analysis. 

Results for the solvated material have greater variation due to solvate instability at ambient 

conditions and methanol evaporation. Results o f elemental analysis confirm that the molar ratio 

o f salbutamol to succinic acid in SSU is 2:1.

8.2.7. Thermal analysis
Thermal analysis (TGA) o f SA did not indicate a significant mass loss on drying 

at the beginning o f the scan. Overall mass loss recorded during the TGA scan (Fig. 8.6 a) up to 

100 °C was 0.94±0.03% of initial mass o f the sample. DSC analysis of the material showed a single 

strong endothermal event (Fig. 8.6 d) related to melting with decomposition at 181.00±0.04 °C, 

correlating with the beginning o f significant further mass loss in the TGA. The melting point 

o f adipic was measured to be at 150.93±0.10 °C.

DSC analysis o f SSU.MeOH (Fig. 8.6 e) indicated a large broad endotherm with an onset 

at 69.97±0.30 °C and enthalpy o f 139.43 J/g. These endothermal events correlated well with 

the sample mass loss due to liberation o f methanol (Fig. 8.6 b) o f 17.26±1.20 %. The theoretical 

content o f solvated methanol was calculated to be 17.68%.

The onset o f thermal decomposition after desolvation was recorded to be 179.23±0.10 °C 

and corresponded with ftirther significant mass loss. In contrast, succinic acid melted 

at 185.90±0.21 °C. There was a 0.80±0.02 % overall mass loss up to 100 °C in the TGA determined 

for SSU (Fig. 8.6 c, f) indicating very slight drying. Onset of thermal decomposition was recorded 

at 182.83±0.15 “C.
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The onsets o f thermal decomposition of the new salbutamol forms were consistent with the onset 

of decomposition of about 180 ”C (Larhrib et al., 2003) for SS. Thus it can be concluded that 

the new forms and SS have similar thermal stability.

40 mW (DSC) exo 20 mg (TGA)

125 150
tempreture [°C]

250100 175 200 225

Fig. 8.6. Thermal analysis: a) TGA scan o f SA, b) TGA scan of SSU.MeOH, c) TGA scan o f SSU, 

d) DSC of SA, e) DSC scan o f SSU.MeOH, f) DSC scan o f SSU.

8.2.8. FT-IR analysis
The FTIR patterns of SA (Fig. 8.7 c) and SSU (Fig. 8.7 b) differ in comparison to spectra 

o f the parent compounds (Fig. 8.7 a, d, e). The main difference between SSA, SSU and SB is 

the strong suppression o f conjugated C=C stretching vibrations of benzene ring o f salbutamol just 

above 1600 cm ' and changes in the intensity o f the carboxylic acid C = 0 stretch peaks. 

The stretching vibration of N-H band of salbutamol (Fig. 8.7 a) recorded at 3300 cm ' for SB was 

nearly completely suppressed and slightly shifted towards longer wavelengths in SSU (Fig. 8.7 b) 

indicating a complete ionization o f the secondary amine group. In contrast, the N-H stretching 

vibration of the secondary amine group in SA (Fig. 8.7 c) is relatively noticeable with a strong shift 

to 3450 cm’’. These observations agree with the single crystal X-ray data suggesting a co-crystal 

form of SA, where one out of two adipic acid molecules per two molecules of salbutamol base 

remains unionized, but strongly H-bonded to the secondary amine group o f salbutamol. 

The co-crystal versus salt forms o f salbutamol are clearly distinguishable by FTIR, where the broad 

stretching vibration o f C = 0 of the acid in SSU has been completely suppressed, while the acidic
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carbonyl group vibration in SA remained highly visible with a slight shift towards longer 

wavelengths.

TO in

d)
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Fig. 8.7. FTIR spectra of: a) SB, b) SSU, c) SA, d) succinic acid, e) adipic acid.

8.2.9. Dynamic Vapor Sorption (DVS)
Both SSU and SA do not adsorb more than 2% of moisture and under the conditions 

of dynamic vapor sorption analysis do not tend to form hydrates (Fig. 8.8). Results of equilibration 

of SSU at any given RH%, regardless of whether assessed in the sorption or desorption stage, are 

similar to SS, and in both cases the amount of adsorbed liquid does not exceed 0.3% of initial 

sample mass at 90% RH. In the case of SA sample less than 1.6% of initial mass was adsorbed 

at 90% RH.

Since the moisture sorption behavior may be attributed to the powder surface area, the samples 

subjected to the DVS analysis were also characterized in terms of their specific surface area and 

particle size. The specific surface area ( T b e t )  of SS was measured to be 1.53±0.02 m^/g, that of SA 

was 1.81±0.02 m^/g and Tbet of SSU was 2.26±0.06 m^/g. The median particle size determined 

was 8.09±0.18, 19.26±0.07 and 8.73±Q.G9 |am for SS, SA and SSU, respectively. It is possible, 

therefore, that the higher propensity of SA to sorb moisture may be due to the different particle

206



Chapter 8 Results and discussion

size, but cannot be explained by the difference in the surface area. It is likely that other surface 

properties, such as surface energy, contribute to this effect and will be the subject o f further studies.

55 1.2

40  60

Target % P/Po

Fig. 8.8. Dynamic Vapor Sorption of: SA (squares), b) SSU (triangles), c) SS (diamonds).

8.2.10. Solubility and dissolution studies

The estimated aqueous solubilities o f SA, SSU and SB were found to be 82±2 mg/ml 

(equivalent to 0.231±0.001 M of salbutamol) at pH 4.5±0.1, 334±13 mg/ml (equivalent 

to 1.183±0.045 M of salbutamol) at pH 6.6±0.1 and 2.63±0.09 mg/ml (equivalent to 0.0110±0.0004 

M of salbutamol) at pH 10.0±0.1, respectively. Thus the improvement in solubility, compared 

to SB, was 21- and 108-fold for the drug presented as SA and SSU, respectively, indicating 

that SSU has a 5-fold greater solubility than SA.

As the new forms o f salbutamol are composed o f the drug and co-former that are able to ionize 

in solution, it is expected that the pH of the saturated medium may have a profound effect 

on the solubility o f the compounds (Stahl and Wermuth, 2008). This was investigated for SA, 

as it was easier to change the pH for this compound due to the lower solubility in comparison 

to SSU. When the pH o f medium was adjusted to 5.3, the solubility o f SA was measured to be 

60±1 mg/ml.

Equations describing the solubility of gabapentin/3-hydroxybenzoic acid cocrystal, (Sreenivas et al. 

2009) and carbamazepine and itraconazole cocrystals have been reported (Bethune et al., 2009).
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These models allow relationships between the pH and co-crystal solubility to be predicted knowing 

only the solubility product constant (Kgp) and acid dissociation constants of the co-crystal 

constituents (pKaS). Although the theoretically-derived models neglect nonidealities due 

to complexation and other specific interactions, very good agreements between the calculated 

and experimental values were observed (Sreenivas et al. 2009 and Bethune et al., 2009). This 

approach was employed in this work as the authors suggest that co-crystal solubility and its pH 

relationship may be estimated from a single measurement (Bethune et al., 2009). Similar 

mathematical equations were therefore developed for the new salbutamol forms to predict their 

solubility-pH dependence and estimate the solubility difference in relation to the pure drug. 

The co-formers and the drug have acidic and amphoteric characteristics, respectively, therefore 

the previously reported equations were adapted, taking into consideration that each of the species 

has two pKa values and that the stoichiometry of the succinate form is 2:1.

SA has a molar ratio 1:1, hence the equation for equilibrium reaction describing dissociation 

of the co-crystal in solution is as follows:

S - H j A < r ^  + H 2 Eqn. 8.1.

where S-H2A is the co-crystal/salt in the solid phase, Ssoiution and H2Asoiution are equilibrium 

solubilities of the drug and acid, respectively, thus

= --------------- , and with S-H2A in the solid phase the soluble product constant (Ksp) can be
[S' —

presented as:

= [5 ][ //2 ^ ]  ^  [H, A]  = ^  Eqn. 8.2.

Equilibrium reactions for adipic acid and salbutamol are presented in Eqns. 8.3 and 8.4 (for the 

acid) and Eqs. 8.5 and 8.6 (for the drug).

^  [H^][HA-]
H , A ^ H A - + H *  [H, A]  3 3

a2,H^A

+ Eqn. 8.5.

s  ̂ Eqn. 8.6.
[5]
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where [HA'], [A ‘̂] are concentrations o f the monodissociated and fiilly dissociated acid species and 

[SH^], [S'] are concentrations o f  protonated and monobasic salbutamol species.

Combining the total acid and drug concentrations, the solubility o f  salbutamol adipate can be 

expressed as (Eqn. 8.7):

e
cocrystal ^ s o  • (1 +  ) • (̂  +  —^ )  Eqn. 8.7.

where Scocrystai is co-crystal solubility, Kai,H2A and K a2,H2A are the first and second dissociation 

constants for the acid and Kai,s and K a2,s are the first and second dissociation constants for the drug. 

Using a similar approach, the equation for salbutamol succinate, considering the 2:1 stoichiometry, 

is as follows (Eqn. 8.8):

The pKsp constants for salbutamol adipate and succinate, calculated using the aqueous solubility 

values, were 6 .3  and 8 .6 , respectively. Substituting in pKa values as follows: p K a i= 4 .4 4 , pK a2=5.44  

for adipic acid (Stahl and Wermuth, 2 0 0 8 ) ,  p K a i= 4 .2 1 , pK a2= 5.64 for succinic acid (Stahl and 

Wermuth, 2 0 0 8 )  and p K a i= 9 .1 , pK a2=10.4  for salbutamol (Yazan et al., 1 9 9 5 ), the pH-solubility 

profiles derived from Eqs. 8 .7  and 8 .8  are presented in Fig. 8 .9 . The theoretical models suggest that 

a minimum SA solubility occurs at pH around 5 and that o f SSU at pH 7.

The comparison o f intrinsic dissolution rates (IDRs) o f  salbutamol from SA (4.18 

mg/cm^/min, o f  0.999) and SSU (14.94 mg/cm^/min, R̂  o f  0.997) with that o f  salbutamol sulfate 

(15.47 mg/cmVmin, R̂  o f 0.999) (Fig. 8.10) reveals that the rate o f  salbutamol release from SA is 

lower than that from SS or SSU. The EDR o f salbutamol from SA is ~4 times lower than that o f  the 

other salt forms, consistent with the ~5-fold difference in salbutamol solubility. There was no 

significant difference in the IDRs o f  salbutamol in SS and SSU. Our results for the co-crystal 

o f the salbutamol hemiadipate salt with adipic acid (SA) contrasts with that o f  Jashnani et al. 

(1993) who obtained a salbutamol hemiadipate diethanolate which had an DDR equivalent to SS. 

Interestingly, the difference in the IDR values obtained reflect the different acid solubilities i.e. 

the saturated solubility o f succinic acid at 20 °C is reported to be 7.7% w/v and that o f adipic acid 

to be 1.8% w/v (Stahl and Wermuth, 2008), therefore it may be expected that the solubility 

of salbutamol adipate is lower than that o f salbutamol succinate.
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Fig. 8.9. Theoretical profiles describing pH-solubility dependence for SA (dashed line), SSU 

(dotted line) and SB (solid line). Empty squares indicate experimental solubility values for SA, 

the triangle for SSU and the circle shows the experimental solubility o f SB. The inset shows 

a correlation (y=x) between the experimental and predicted data points.
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Fig. 8.10. Intrinsic dissolution profiles o f SA, SSU and SS.
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8.3. Conclusions
Despite the chemical similarity of succinic and adipic acids, the solid state properties of their 

salbutamol salts when made by the same methods are significantly different. For the first time we 

reported the involvement of adipic acid molecule in the formation of a co-crystal of a salt. 

Salbutamol succinate is a rare example of the succinate constituting a solvated salt form with API 

molecule. The intrinsic dissolution rate of salbutamol in SSU was around 4-fold greater than that 

of SA, consistent with the ~5-fold difference in aqueous solubility of salbutamol in SA and SSU, 

thus the difference in the intrinsic dissolution rates was comparable to the solubility trend. Both 

materials presented similar thermal stability and did not undergo hydration under increasing 

humidity. The effectiveness of anion choice as a modification of in vivo bioavailability 

of salbutamol needs further investigations, as the concept of retarding dissolution of an API 

by the formation of an appropriate salt/co-crystal is a promising approach, which may alleviate 

some issues associated with formulation of extended release dosage forms such as component 

compatibility and regulatory approval for the use of excipients.

Results described here show that salt and/or co-crystal formation remains largely unpredictable 

and requires predominantly empirical screening. The arrangement of molecules in the crystal lattice 

is dependent on the geometry of the molecules involved and their potential for forming chemical 

interactions. Even the careful choice of similar counter ions can have a profound effect 

on the observed crystalline lattice and further work in this area is required.
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9.1. Introduction
Preformulation refers to the phase o f drug development, where potential advantages 

or disadvantages of active molecules and excipients should be comprehensively investigated. 

The result of preformulation studies should be the full physicochemical characteristics o f the API 

that allows an optimal formulation to be manufactured. The final dosage form should be 

considered, as the API may be used in a solid and/or liquid formulation. Furthermore, the 

manufacturing process may affect the properties o f the API/excipient(s), so the desired 

physicochemical and micromeritic properties o f the formulation components should be defined 

in preformulation studies.

The scope and results o f preformulation studies depend on the initial requirements set 

for the final formulation. The programme of studies should include all suitable characterisation 

methods that will allow for the determination o f the required properties o f the API. 

The requirements for preformulation may be restricted or defined by the physicochemical 

properties of the API, an optimal solubility or dissolution profile of the API (affecting 

biopharmaceutical properties of the API), physical and chemical stability, the required delivery 

site, pharmaceutical processing, the drug form, regulatory issues, the cost o f production 

or a combination of these.

This thesis is concerned with preformulation studies of APIs only.

9.2. Characterisation and processing of chlorothiazide (CTZ)
CTZ was chosen as a model API due to its low aqueous solubility o f 0.2 mg/ml and very 

high (as for a pharmaceutical compound) melting point o f 365 °C. Experiments on CTZ started 

with characterisation o f this API upon processing. Processing o f the API was restricted to spray 

drying. Spray drying o f many APIs results in the formation o f amorphous materials due to rapid 

evaporation o f the solvent, thus resulting in a very narrow precipitation window that does not allow 

sufficient nucleation and growth o f crystals.

The background to spray drying of CTZ was set by the studies o f Corrigan et al. (1984), 

who spray dried CTZ from an ethanol/water mixture and obtained a crystalline powder. It was 

therefore of interest to study why this API remains crystalline on spray drying and the goal was 

to see if alterations of the process conditions could result in amorphisation o f CTZ.

This work shows that it is possible to produce amorphous CTZ using either water 

or ethanol to prepare the spray drying feed. Also, the choice o f spray dryer configuration (open 

versus closed mode) impacted on the solid state nature o f CTZ with the open mode of drying 

favouring the production o f amorphous CTZ. Extensive solubility studies of CTZ in organic 

solvents: acetone, ethanol and their mixtures with water were carried out and resulted
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in an improvement o f processing in terms o f increasing the API concentration in spray drying feed, 

therefore an increase in production yields was observed.

HPLC studies on the powders spray dried from the different solvents and their mixes 

revealed limited chemical stability o f CTZ processed from ethanolic solutions and from an aqueous 

solution where the feed had a temperature o f 98 °C. The amorphous form produced 

and characterised by a Tg at 135 °C, was physically unstable and recrystallised over 8h. Spray 

drying from acetone and acetone/water mixtures showed that spray drying was an efficient process 

o f modification o f relative crystallinity, morphology and micromeritic properties o f CTZ. 

The largest reduction o f relative crystallinity (RC) to 52% was obtained by spray drying from 

the 1:1 v/v acetone/water solvent ratio. The largest apparent, visual porosity, as assessed by SEM, 

was determined for the sample spray dried from acetone. The largest apparent porosity was 

in agreement with the largest specific surface area o f this material (~5 m^/g), although the T b e t  

of the sample spray dried from 100% acetone was two times lower than the Tbet (~10 mVg) 

o f nanoporous microparticles (NPMPs) o f budesonide (poorly soluble in water API, similarly 

to CTZ) spray dried from EtOH/W solution reported by Nolan et al. (2009) (Table 9.1).

The production o f NPMPs was described for the first time for bendroflumethiazide 

by Healy et al. (2008). Further studies on the properties and mechanism of formation o f NPMPs 

were carried out by Nolan et al. (2009), Nolan et al. (2011) and Ni Ogain et al. (2011) 

for budesonide, sodium cromoglycate, trehalose and raffinose, respectively. On the basis o f these 

studies, the ability to form NPMPs by spray drying CTZ would appear to be limited 

by the hydrophobicity o f molecule coupled with poor ethanolic solubility.

It was previously reported (Chamicki et al., 1959) that the poor aqueous solubility o f CTZ 

can be improved by increasing pH of solutions by adding an alkali. The CTZ formulated 

in injectable form was claimed to form a sodium salt (Chamicki et al., 1959), however its crystal 

structure up to date remained unknown.
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9.3. Solid state studies

9.3.1. Solid state nature and physicochemical properties of chlorothiazide 

salts
The conclusions made from the first stage o f the studies on physicochemical properties 

o f CTZ led to the second part of the thesis, which was focused on the production o f CTZ salt forms 

with possibly improved solubility in alcoholic solutions, thus making CTZ more suitable to form 

highly porous NPMPs upon spray drying. The approach taken was to prepare salts o f CTZ with 

the sodium and potassium counterions chosen to investigate the impact o f counterion choice 

on the physicochemical properties o f CTZ.

The study resulted in the successful production, determination o f crystal structures 

and a comprehensive physicochemical characterisation o f new salt forms o f CTZ: chlorothiazide 

sodium (CTZNa) as a dihydrate (DH) and an anhydrous (ANH) form and chlorothiazide potassium 

(CTZK) as a DH, a monohydrate (MH), an ANH and a monohydrate hemiethanolate form.

Crystal structures o f the dihydrates o f CTZNa and CTZK were different to each other 

(Fig. 9.1). The sodium and potassium cations, despite chemical similarity including the same 

valency, differed in the size of Van de Waals radii being 2.27 A and 2.75 A for Na and K, 

respectively and were shown to have different abilities to form coordination bonds between cations, 

molecules o f water and the host molecule, CTZ. The sodium ion coordinated six atoms while 

the potassium ion coordinated seven atoms including the chlorine atom o f CTZ. The type 

of hydrates formed was complex. Single crystal X-ray analysis revealed that water molecules 

n the crystal structures o f both hydrates are coordinated, constituting the stoichiometric fraction 

o f water in hydrates, similar to the reported sodium salt o f naproxen (Kim et al., 1990). 

Additionally, experiments revealed that the water molecules that were hosted in the interstitial 

voids o f the crystal lattices were in a non-stoichiometric proportion to the CTZ and counterions. 

The presence o f non-stoichiometric interstitial water was also reported for the crystal structure 

of cefazolin sodium (Stephenson and Diseroad, 2000). Dynamic vapour sorption and PXRD studies 

performed in the present work showed that those interstitial molecules o f water had no impact 

on the PXRD patterns o f hydrates. The presence of interstitial water in the crystal structures 

of the CTZ salts had an effect, as discussed later, in the compactibility properties o f the dihydrates 

in comparison to CTZK MH or anhydrous forms of CTZNa and CTZK.

The CTZK dihydrate had better thermal physical stability in comparison to CTZNa DH. 

The DSC analysis showed dehydration o f two coordinated molecules o f water o f CTZNa 

as a one-step process, while the CTZK monohydrate form was thermally stable up to 170 °C, 

suggesting difficulties in the production of anhydrous CTZK. The production o f an anhydrous form 

of CTZNa was much easier and did not require drying at as high temperature (80 °C) as that needed
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to dehydrate CTZK (170 °C). Spray drying resulted in amorphisation of the CTZNa and CTZK 

salts and combined with additional drying of solvent residues was shown to be a more effective 

method of dehydration of CTZK DH compared to conventional single step drying of crystalline 

CTZK.

The measured Tgs of CTZNa and CTZK were -192 °C and -160 °C, respectively, 

and followed the trend reported by Tong et al., (2002), who investigated the influence of alkali 

metal counterions on the glass transition (Tg) temperature of amorphous indomethacin (IMC) salts. 

A comparison of the Tg values of the salts showed Tg values in the order of Li^ > Na^ > K^ > Rb^ 

> Cs^, consistent with an order of decreasing ionic radius. The differences in Tg were attributed 

to an increased charge density and increased electrostatic interaction energy between 

the carboxylate ion and the alkali metal cation.

The sodium and potassium salt of CTZ had very good aqueous solubilities 

of approximately 79 mg/ml for CTZNa and CTZK. Dihydrated forms were stable when subjected 

to a broad range of relative humidities between 10 and 90% RH.
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Fig. 9.1. Crystal structures o f chlorothiazide sodium (a) and potassium (b) dihydrates: c) 

coordinates o f the sodium cations, d) coordinates of the potassium cations, e) crystal cell structure 

o f CTZNa DH (packing along “b” axis), f) CTZK DH cell unit packing view along “b” axis.
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Anhydrous forms o f the CTZ salts had much better solubilities in methanolic solutions 

in comparison to the salt hydrates, for example, it was possible to increase the concentration 

o f CTZK in the spray drying feed (Co) 2-fold by replacing CTZK monohydrate (Co o f l%w/v) 

with the anhydrous form (Coof 2% w/v).

Attempts to crystallise anhydrous CTZNa or CTZK from organic solvents failed. 

The crystal structure o f CTZK monohydrate hemiethanolate showed a high affinity 

o f the potassium cation for hydrophilic moieties (water) and the competitive nature o f water 

and ethanol molecules in the formation o f the crystal lattice o f CTZK monohydrate hemiethanolate. 

Though it should be noted that in the metastable CTZK monohydrate hemiethanolate 

the coordination bonds were formed only between the molecules o f water, potassium cation 

and CTZ molecules while ethanol remained only in interstitial voids o f the crystal lattice captured 

by H- bonds.

9.3.2. Solid state nature and physicochemical properties of salbutamol 

adipate and salbutamol succinate
Previous experiments resulted in the production and characterisation o f water soluble 

alternative salt forms o f CTZ. These were formed with cationic inorganic counterparts, sodium 

and potassium ions. It was o f interest to evaluate the impact o f an organic anion 

on the physicochemical properties of an API, in contrast to the previous studies on CTZ. A model 

substance was chosen to be salbutamol, as it is an amphoteric (Imboden and Imanidis, 1999) API 

able to form salts with acids. Salbutamol as salbutamol sulphate is used in inhalers and in a tablet 

form. The delivery route o f interest in this work was pulmonary delivery as the use o f many 

excipients, e.g. those used frequently in oral dosage forms, is restricted when formulating APIs 

for pulmonary administration. Thus by the physicochemical modification o f the API the use 

o f excipients can be avoided, especially when formulating prolonged release dosage forms 

o f salbutamol. Salbutamol base is characterised by a low aqueous solubility (~3 mg/ml, sparingly 

soluble in water by European Pharmacopoeia (2010) in comparison to the sulphate salt, but has 

been reported to be more adhesive to dry powder inhalation device materials (Jashnani, Byron, 

1996) than the sulphate salt and has much poorer chemical and physical stability, in comparison 

to the sulphate salt, when formulated in metered dose inhalers (Tzou et al., 1997).

As an alternative, to achieve prolonged delivery of salbutamol, it may be desirable to select 

appropriate co-formers and co-crystallise them together with the host molecule (salbutamol) 

to produce a salt or co-crystalline form with the required solubility and dissolution profile. This 

study resulted in the production o f a co-crystal of salbutamol hemiadipate with adipic acid and 

salbutamol hemisuccinate tertmethanolate which could be converted to a desolvated salbutamol 

hemisuccinate form. Salbutamol adipate presented a 4-fold decreased intrinsic dissolution rate
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in comparison to the sulphate and succinate salts. Therefore salbutamol adipate may be considered 

as an API form for prolonged release o f salbutamol in oral or pulmonary drug delivery forms.

An example o f an alternative salt form o f an API designed to achieve a prolonged release 

characteristic is a pamoate salt o f olanzapine. This antipsychotic API is used in the treatment 

of schizophrenia and it is marketed as film coated tablets and orodispersible tablets (lyophilised 

formulation VeloTab™ known in the U.S. as Zydis™), but to maintain the treatment of stable 

schizophrenia a depot, an injectable form was developed containing olanzapine pamoate

monohydrate. A dihydrated form of olanzapine pamoate is described in Allen et al. (2007) patent. 

It is interesting to note that this disolvated structure had nearly a twice slower release profile 

in comparison to the monosolvated pamoic salt.

9.4. Processing of chlorothiazide salts, morphology studies
CTZNa ANH and CTZK ANH were subjected to spray drying from water

and a methanol/butyl acetate (MeOH/BA) mix. The latter solvent system was reported before

by Nolan et al. (2011) to be effective in the production of NPMPs from hydrophilic APIs.

The NPMPs were characterised by a large specific surface area ( T b e t )-

Initially, as experiments involving the production o f NPMPs from CTZ were limited only 

to the 0.5% w/v feed concentration, the same concentration was used to prepare feeds containing 

CTZ salts in order to assess their ability to form NPMPs.

The assumption was that greater porosity of the material should result in an increased T b e t - 

Also, the relative change o f the porosity o f NPMPs powders observed by SEM was assumed 

to correspond to a change in the value o f specific surface area of spray dried materials. The greatest 

T b e t  measured for CTZ NPMPs, which were spray dried from pure acetone, was ~5 m^/g, 

approximately 10-fold greater than that of the raw micronised material. The spray dried sample 

remained PXRD crystalline. In 2009 Nolan et al. reported NPMPs of budesonide, an API which is 

similar to chlorothiazide in terms o f its poor solubility in water. The budesonide, as for CTZ, was 

spray dried using water as the antisolvent. The Tbet increase relative to the raw material, observed 

in present study for CTZ, was 3.5 times higher than that measured for budesonide sample 

BUD-NPMP3 (~10 m^/g), produced and characterised by Nolan et al. (2009) and compared to 

micronised budesonide. This batch o f budesonide was processed Irom the EtOHAV 1:4 v/v solvent 

ratio. The total concentration o f solids in the mix o f solvents was 1% w/v, where budesonide was 

in concentration o f 0.85% w/v with the addition of 0.15% w/v o f ammonium carbonate (AMC) 

as a pore enhancer. The BUD-NPMP3 sample, in contrast to CTZ sample #5.2, was spray dried 

in the open mode and after processing was PXRD amorphous.

The variety o f morphologies of spray dried particles published resulted in the necessity 

to introduce a classification system o f morphologies o f spray dried particles, named Morphology

219



Chapter 9 General discussion

Classification System MCS (Chapter 6 p. 120) in order to ease the description of materials 

produced.

Comparing morphologies of samples BUD-NPMP3 and CTZ #5.2 (Table 9.1), 

the difference is in the type of porosity as BUD-NPMP3 is in class V while CTZ sample #5.2 

required to be classified in a new class VI, describing porous microaglomerates formed 

by anisometric nanoparticles. Both samples may be further classified as lA (1 means spherical 

and A relates to the smooth morphology). Regarding the particles interior the CTZ sample #5.2 was 

hollow (H) while the interior of BUD-NPMP3 remained unknown (X). This comparison is 

consistent with one of the general conclusions of chapter 6 that morphology of type V (for the same 

material and equivalent solid concentration) is usually related to higher surface area than the other 

types of classified porous morphologies II-IV and VI.

Table 9.1. Selected morphology types of produced up to date porous microparticles 

with corresponding T b e t -

Sample (Ref.) SEM
T bet Class o f  

MCS

BFMT/AMC 85:15 

w/w

2.5% w/v 

(EtOHAV 4:1 v/v) 

(Healy et al., 2008)

N/A VIBX

BFMT/AMC 85:15 

w/w was 2.5% w/v 

(MeOH/W4:l v/v) 

(Healy et al., 2008)

N/A VIBX
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Table 9.1. Selected morphology types o f produced up to date porous microparticles 

with corresponding Tbet - continuation.

Sample (Ref.) SEM
T bet

[mVg]

Class of 

MCS

Budesonide 

(BUD-NPMP3) 

EtOH/W 1:4 v/v 

BUD 0.85% w/v 

AC, 0.15% w/v 

1% w/v,

(Nolan et al., 2009)

10 V lA X

Chlorothiazide (#5.2) 

0.5 w/v 

Pure AC 

(Chapter 5)

-* i f

5 VII AH

Chlorothiazide

(#5.11)

2.0 w/v 

AC/W9:1 v/v 

(Chapter 5)

W^^t/KF
H  4.2b8 p

10 pm

4 V2BS
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Table 9.1. Selected morphology types of produced up to date porous microparticles 

with corresponding Tbet - continuation.

Sample (Ref.)

Chlorothiazide 

potassium (#6.11) 

0.5% w/v 

MeOH/BA 3:2 v/v 

(Chapter 6)

Chlorothiazide 

potassium (#6.20) 

2.0% w/v 

MeOH/BA 3:7 v/v 

(Chapter 6)

Chlorothiazide 

sodium (#6.6) 

0.5% w/v 

MeOH/BA 3:2 v/v 

(Chapter 6)

SEM
^BET

1 pm

2 pm

[mVg]

57

90

66

Class of 

MCS

IV2BX

VIBS

rviBX
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Table 9.1. Selected morphology types o f produced up to date porous microparticles 

with corresponding Tbet - continuation.

Sample (Ref.)

Chlorothiazide 

sodium (#6.19) 

2.0% w/v 

MeOH/BA 3:7 v/v 

(Chapter 6)

Cromoglycate 

sodium 

0.3 %w/v 

W/MeOH/BA 

1:15:15 v/v 

(Nolan et al., 2011)

Raffmose

pentahydrate and

lysozyme

(4:1 w/w) l%w/v

MeOH/BA 8:2 v/v

(Ni Ogain et al.,

2011)

SEM
BET

[mVg]

72

98

44

Class of 

MCS

V IES

VI AX

IVIAX
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Table 9.1. Selected morphology types of produced up to date porous microparticles 

with corresponding T b e t  - continuation.

Sample (Ref.)

Trehalose dihydrate 

0.5%w/v

MeOH/BA 8:2 v/v 

(Ni Ogain et al., 

2011)

SEM
^BET

[mVg]
Class of 

MCS

44 IVIAX

The NPMPs of bendroflumethiazide (BMFT) which were the first NPMPs described 

by Healy et al., (2008) had morphology of VIBX type (Table 9.1). In comparison, the CTZ salt 

samples spray dried from 0.5% w/v solid concentration (#6.6 and #6.11) presented surface areas 

of 66 m^/g, 57 mVg and morphologies types: FVIBX and FV2BX for CTZNa and CTZK, 

respectively (Table 9.1).

The surface area of these samples is comparable to those determined for the samples 

produced and described by Ni Ogain et al. (2011). Trehalose dihydrate and raffinose pentahydrate 

were spray dried from 0.5% and 1% w/v feed concentration, respectively. The feed which resulted 

in the greatest apparent porosity comprised MeOH/BA in the 8:2 v/v ratio in contrast to samples 

#6.6 (CTZNa) and #6.11 (CTZK), where the largest surface area recorded was for the 3:2 v/v 

MeOH/BA ratio. The difference may be related to water introduced into the feeds of raffinose 

and trehalose formed after dissolving of raw material hydrates in organic solvents, while the CTZ 

salts were used in their anhydrous forms. The Tbet of both spray dried sugars was about 44 m^/g. 

The morphology ascribed to them, IVIAX, was similar to CTZNa #6.6 and CTZK #6.11. 

The morphology of NPMPs made of raffinose did not change on incorporation of 20% w/w 

lysozyme (Ni Ogain et al., 2011) (Table 9.1).

The largest specific surface area of 98 m^/g measured for NPMPs and published to date 

was obtained by spray drying of sodium cromoglycate (CRGNa) fi'om 0.3 % w/v feed 

concentration using a solvent system of W/MeOH/BA 1:15:15 v/v (Nolan et al. 2011). The particle 

morphology type was VI AX, similar to the morphology of the systems with the largest surface 

areas produced and described in this work, namely samples #6.19 (CTZNa) and #6.20 (CTZK)
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with surface areas 72 and 90 m^/g respectively and morphologies o f VIBS (Table 9.1). Other 

CRGNa systems reported by (Nolan et al., 2011) spray dried without the addition o f water 

presented a similar type o f porosity but they differed in shape and morphology. CRGNa spray dried 

from the 19:1 MeOH/BA ratio presented morphology o f V2BX. Crumpling was not observed when 

the solvent ratio changed to 9:1 MeOH/BA, particles remained spherical and the morphology type 

assigned was VI AX. A further increase in BA content in the solvent mixture appeared to impact 

on the class of porosity o f spray dried materials as the morphology o f the CRGNa spray dried from 

the 4:1 v/v MeOH/BA solvent ratio may still be classified as a type VIAX while the sample spray 

dried from 7:3 v/v MeOH/BA solvent ratio may be classified as a type IV o f the porosity 1 AX.

It can be concluded from this work and the studies o f Healy et al., (2008), Nolan et al., 

(2009 and 2011) and Ni Ogain et al., (2011) that a given type o f the porosity, taking as an example 

the morphology o f type V may be obtained by spray drying both, a hydrophobic and a hydrophilic 

material. The modification o f t>pe of morphology for classes II to V can be obtained 

by the adjustment of a solvent/antisolvent ratio as was reported by Nolan et al. 2011 and discussed 

previously in Chapter 6. Higher feed concentrations promote formation o f NPMPs 

with morphology type V, the type o f morphology giving the greatest likelihood of production 

o f particles with the highest specific surface areas.

Achieving the maximum specific surface area of a powder was one o f the goals 

o f Chapter 6 , as it was hypothesised that the materials with large T bet will present favourable 

compactibility and compressability properties, as presented in Chapter 7.

9.5. Tabletability of solid state forms of chlorothiazide
Further evaluation o f NPMPs presenting morphology type V (CTZNa sample #6.19 

and CTZK sample #6.20), as those with the largest T b e t  obtained in this work (Table 9.1), was 

carried to assess compactibility performance of NPMPs. The study comprised analysis 

o f compactibility o f the various solid state forms o f CTZNa and CTZK. These included crystalline 

dihydrates (Chapters 3 and 4) and CTZK monohydrate (Chapter 4), dehydrated forms (Chapters 3 

and 4), amorphous forms o f CTZNa and CTZK (morphology types of HAS and I IBS) and finally 

amorphous, anhydrous NPMPs with morphology type VIBS (Chapter 6). CTZ crystalline forms 

(micronised raw material and spray dried porous crystalline particles) were also included. 

The reference material was Dipac, co-spray dried crystalline mixture o f sugars (96.5±1.5% sucrose, 

3.0±0.75% maltodextrin), intended for direct compression.

The main results discussed in Chapter 7 were consistent with the previous findings 

reported by Pande and Shangraw (1995) and Sun and Grant (2004). Sun and Grant reported that 

water of crystallisation improves tableting properties of p-hydroxybenzoic acid, while Pande 

and Shangraw (1995) reported a reduced compactibility performance of P-cyclodextrin due to 

dehydration. In this work, it was observed that, on average, the tensile strength o f tablets made
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of CTZNa dihydrate compressed at the same compression pressure was greater than the tensile 

strength of tablets made of CTZNa anhydrous.

It was therefore of interest to investigate if the crystal water is released from the crystal 

lattice of CTZNa dihydrate and causes surface wetting to improve binding of the particles. 

Combining the results of crystallographic studies and observing that the PXRD pattern 

of compressed CTZNa dihydrate did not change in comparison to the starting material suggested 

that not the coordinated molecules of water, but the interstitial water may be responsible 

for the better compactibility of CTZNa DH over the anhydrous form. This is supported 

by extensive studies involving dynamic vapour sorption of water and impact of absorbed water 

on the PXRD pattern of CTZNa DH was described in Chapter 3.

Conclusions from the compactibility studies involving the different solid state forms 

of CTZK are more complicated, as no improvement in the tensile strength of compacts made 

of CTZK DH in comparison to those made of the anhydrous form was seen.

Trasi et al. (2011) reported that drying, and in consequence dehydration, of glucose 

in higher temperatures promoted the formation of amorphous phases, responsible for better 

compacting properties of processed glucose. These conditions are similar to the conditions 

of dehydration of CTZK, where the temperature of drying was higher (170 °C) than the Tg 

of CTZK (162 °C) and could result in a partial amorphisation of CTZK.

The lowest change of tensile strength in relation to compression pressure applied was 

observed for CTZK monohydrate tablets and this may be related to two aspects. The first is the lack 

of interstitial molecules of water, the presence of which was related to the good tensile strength 

of CTZNa and CTZK dihydrate tablets. The other factor is related to the reduced possibility 

of amorphisation of CTZK as the drying temperature of dihydrate resulting in the monohydrate 

form is approximately 80 °C below the Tg of amorphous form of CTZK, as described in Methods 

(2 .2 . 1.2 .).

Besides the physicochemical properties, processing of materials can impact 

on the tabletability. In 2001 Di Martino et al., presented a method to improve tabletability 

of crystalline acetazolamide by spray drying. The crystalline material spray dried from an ammonia 

aqueous solution was reported to be a mixture of polymers I and II. The microparticles had 

morphology of type IIBX and higher tensile strength than the crystallised pure polymorph I 

(precipitated by cooling of water solution) or II (precipitated by neutralisation of ammonia 

solution). Spray dried CTZ gave tablets with a greater tensile strength/compression pressure rate 

compared to CTZ micronised material. The morphology of the spray dried CTZ sample, in contrast 

to IIBX morphology type of spray dried acetazolamide, comprised prismoidal in crystal habit 

nanocrystals forming larger microparticulate conglomerates (Chapter 7).

Tablets made of NPMPs were characterised by best compactibility. These tablets presented 

the highest tensile strength at low compaction pressures compared to other tablets. The highest
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tensile strength corresponded with the highest tablet porosity and the highest specific surface area 

of the material forming tablet after compression. The tablets made o f NPMPs presented the fastest 

dissolution profiles.

In 1999 Sebhatu and Alderbom published a study on relationships between the effective 

interparticulate contact area and the tensile strength of tablets made o f amorphous (milled) 

and crystalline lactose o f varying particle size. The porosity o f the tablets made of amorphous 

material was similar to those made of crystalline lactose and was approximately 30% 

at a compression pressure of 75 MPa. At a compression pressure of 125 MPa the porosity 

decreased to approximately 20%. For the amorphous systems it corresponded with an increase 

of the tensile strength from 0.5 MPa to approximately 3 MPa, while the tensile strength of tablets 

made o f crystalline lactose was increasing in the range from 0.2 up to nearly 1 MPa.

A comparable range o f compression forces was used in this work and it was in the range 

from 64 MPa to 128 MPa. The porosity o f the tablets made o f amorphous CTZNa and CTZK 

NPMPs varied in this compression pressure range from -47%  to -32% . These higher values 

of tablet porosity in comparison to the reported lactose tablets corresponded with a greater change 

and range of tensile strengths from 2.2 MPa to 5.1 MPa (Fig. 9.2). Furthermore, the NPMPs tablets 

preserved the large specific surface area o f the pre-compressed material, ranging from 33 m^/g 

to 65 m^/g and 43 m^/g to 83 m^/g for CTZNa and CTZK tablets, respectively.

The CTZNa MPs changed tensile strength from 0.59 to 1.59 MPa, while CTZK MPs 

changed from 0.93 to 3.52 MPa, when compressed at 64 and 128 MPa compression force, 

respectively. (Fig. 9.1). The change in tensile strength for CTZNa MPs was lower than 

for amorphous lactose (Sebhatu and Alderbom, 1999), while the values for CTZK MPs were very 

similar to those o f amorphous lactose. The difference in the change of tensile strength may 

be attributed to the difference in Tg between amorphous CTZNa (-192 °C) and CTZK (-160 °C), 

indicating that lower Tg, as exemplified by lactose (Tg of -  105 °C) (Haque et al., 2006), may 

result in better compactibility o f the powder.

Crystalline lactose compacted below 128 MPa as reported by Sebhatu and Alderbom 

(1999), while the micronised CTZ raw material did not (Fig. 9.2). Spray drying o f CTZ improved 

its compactibility properties. Crystalline CTZ NPMPs were compactable at 64 MPa 

and in the range from 64 up to 128 MPa differed in tensile strength of tablets from 0.53 up to 2.38 

MPa (Fig. 9.2). The change in tensile strength o f crystalline CTZ NPMPs on changing compression 

pressure was higher than that o f crystalline lactose reported by Sebhatu and Alderbom (1999). 

These observations suggest that the change o f the solid state form of the material from crystalline 

to amorphous may not be predominant in terms of improving compactibility o f the material.

227



Chapter 9 General discussion

Compression pressure [MPa] 

100 200 250 300150

-

O)

Compression force [kN]

Dipac 

- - X - -  CTZNa DH 
- -A - -  CTZKDH 
- - O -  CTZKMP

CTZ CTZNPMPs
-  -  CTZNA ANH -  -  CTZNa NPMPs

-  CTZKANH
-  ^  -  CTZK NPMPs -  O  -  CTZNa MP

CTZKMH

Fig. 9.2. Compactibility of powders tested in chapter 7. Abbreviations as for table 7.1.

The various tablet parameters may be compared to those reported in the study 

of Westermarck et al., (1998), who investigated the pore structure and surface area of mannitol 

powder, granules and tablets. In this study Westermarck et al. compared compactibility of tablets 

prepared by direct compression of mannitol powder and tablets made of granulate. The granulate 

was prepared by high shear mixing of mannitol powder and addition of 20% aqueous solution 

of PVP K25, so 75 ml of the PVP solution was added per 1 kg of mannitol. The tablets were 

compressed at compression pressures from 72 up to 196 MPa. Tablet hardness, porosity, pores 

volume and specific surface area of tablets were analysed. The tablets made of the mannitol powder 

had a porosity decreasing from 21% to 14% when the compression pressure was increased. These 

values corresponded with a slight growth of specific surface area of the tablet from 0.58 to 0.61
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m^/g in comparison to the initial surface area of the powder of 0.34 m^/g. The increase o f specific 

surface area for mannitol tablets was similar to that observed in this thesis for tablets made 

of anhydrous CTZK and it was ascribed to the mechanism o f brittle fraction o f microparticles upon 

rising compression pressure.

In comparison, the tablets made of the mannitol granulate had a porosity ranging from 26% 

to 17%, but the reduction of porosity, in contrast to tablets made o f the mannitol powder, 

corresponded to the reduction of the specific surface area o f the material. The specific surface area 

decreased from 1.55 to 1.26 m^/g in comparison to the initial specific surface area of the granulate 

of 1.60 m^/g. A similar reduction of specific surface area, corresponding to the reduction o f tablet 

porosity, under rising compression force was described in this work for tablets made o f NPMPs 

powders or the CTZNa dihydrate micronised powder and ascribed to the mechanism o f fusion 

of micro- or nanoparticles upon rising compression pressure (Fig.9.3).

The results and conclusions o f experiments conducted by Busignies et al. (2011) 

are consistent with the work published by Westermarck et al., (1998) and Sebhatu and Alderbom, 

(1999). Busignies et al. (2011) investigated changes in the specific surface area o f tablets made 

o f microcrystalline cellulose, lactose and anhydrous calcium phosphate in the range of compression 

pressures from 40 MPa to 280 MPa. The relationship o f the change o f specific surface area versus 

compression pressure was different for the three tested batches o f tablets. The specific surface area 

o f microcrystalline cellulose reduced upon increasing compression pressure from approximately 

1.1 mVg, for the uncompressed powder, to 0.4 m^/g for the tablets made at a compression force 

o f 280 MPa. The reduction o f the initial specific surface area was 0.23 %/MPa, two-fold lower 

in comparison to that o f 0.43%/MPa for the C TZ^a NPMP tablets and 0.41%/MPa for the CTZK 

NPMP tablets.

The specific surface area o f lactose first increased from 0.2 m^/g to 0.7 m^/g when 

compression pressures up to 160 MPa were used. At a compression pressure of 160 MPa 

the specific surface area started to decline and fell down to 0.55 m^/g at a compression pressure 

o f 280 MPa. A similar behaviour o f the specific surface area versus compression pressure was 

observed in this work for CTZ NPMPs, CTZNa MPs and CTZNa ANH tablets indicating that 

the initial mechanism of compaction is plastic deformation and/or ductile fraction and later 

the predominant mechanism of compaction is fusion o f particles.

Furthermore, for tablets made of NPMPs of CTZ, CTZNa and CTZK, it is observed that 

the reduction o f Tbet corresponds to the increase of density o f the tablet (d j  (Fig. 9.4. and Tables 

1.1-3. in the Appendix I). The mechanism of compaction o f NPMPs was discussed in details 

in Chapter 7, where it was concluded that the fusion of nanoparticles is the predominant 

mechanism of NPMPs tablet formation. Figure 9.4 presents that the fusion o f nanoparticles has 

a direct impact on the reduction of overall volume of the tablet (Tables 1.1-3. in the Appendix I) 

resulting in an increase o f d,.
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A " '

- - 0

4035
tablet porosity [%]

I
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70 -

O)
50 -

20  -

0 20 30 40

tablet porosity [%]

-^ -C T Z N P M P s  - - X - - CTZNa DH 
CTZNa NPMPs --A --  CTZK DH

- - k - -  CTZK NPMPs

DIP AC 
CTZNa ANH 
CTZKMH

CTZ
- - 0 -  CTZNa MPs 

-  CTZK ANH - - 0 -  CTZK MPs
II

Fig. 9.3. Specific surface area (T b e t)  o f the tested tablets versus porosity o f tablets (St) 

Abbreviations as for table 7.1. I. Tablets with exception o f tablets made o f CTZNa and CTZK 

NPMPs. II. All tablets.
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dt [g/cm^

Dipac - - « - - C T Z  - - A - - CTZNPM Ps --X --C T Z N a D H

-  ->e -  CTZNa ANH -  -O -  CTZNa MPs -  -  CTZNa NPM Ps -  -A- -  CTZK DH

-  -  CTZK MH -  -O -  CTZK ANH -  -O  -  CTZK MPs -  -Ar -  CTZK NPM Ps
II

Fig. 9.4. Specific surface area ( T b e t )  of the tested tablets versus density of tablets (dt) (Appendix I 

Tables 1.1-3). Abbreviations as for table 7.1. I. Tablets with exception of tablets made of CTZNa 

and CTZK NPMPs. II. All tablets.
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Tablets presenting the largest specific surface area in this work had the fastest dissolution 

rates. The 100% of dose released for CTZNa NPMPs and CTZK NPMPs tablets was reached after 

the 3"̂  ̂and 6* minute of dissolution experiment, respectively. This can be deemed as a promising 

result considering that the tablets comprised of processed API only and no excipients were added. 

Jaleel et al., (2010) formulated orally dispersible tablets containing loratadine using its solid 

dispersion with PVP K30 (1:3 w/w ratio, loratadine dose of 10 mg). The formulation (200 mg) also 

contained other excipients such as Polyp lasdone XL-10™ (30 mg, crosspovidone, 

a superdisintegrant), sodium saccharin (4 mg), talc (4 mg), magnesium stearate (2 mg) and 

mannitol as a diluent used up to 200 mg. Dissolution studies were performed using 0.1 N HCl and 

a higher rate of paddle rotation of 100 rpm than that used in this work. The tablets, considered 

as orally dispersible (ODTs) formulations, containing the superdisintegrant released 100% dose 

of loratadine after the 3̂ *̂ minute and those without the superdisintegrant after the 5* minute. 

The results of Jaleel et al., (2010) suggest that the tablets made of NPMPs can also be considered 

as an ODT type and might perform comparably to Jaleel’s formulations.

It was presented in Chapter 7 that the dissolution profiles of the tablets made could not be 

described by the Hixson Crowell equation (describing release from non-disintegration systems). It 

was shown that tablets may have undergone erosion and disintegration, despite this behaviour was 

not visually observed during dissolution. The erosion and disintegration of the tablets could result 

in an increase of the surface area of the material subjected to dissolution. It was expected that 

erosion and disintegration of the tablet, caused by possible penetration of water into the tablet, may 

depend on the tablet porosity, T b e t  or tensile strength of the tablet. Therefore, it was hypothesised 

that times to release 50% (Q50) and (Q85) of the API dose may correlate with the mentioned 

parameters of the tablets.

Table 9.2 compiles parameters of linear correlations of Q50 and Q85 for CTZNa 

and CTZK NPMPs tablets compressed in the range from 21 to 128 MPa versus tablet porosity (St), 

specific surface area of compacted material ( T b e t )  and tensile strength of the tablets (ot). The data 

is presented graphically in Fig. 9.5. In general, a good linear correlation was obtained (based 

on comparison of values). In each case the value was better for CTZNa than for CTZK 

and for Q50 than for Q85. The lowest R  ̂was calculated for Q50 and Q85 versus porosity for both 

salts. The greatest R  ̂ in case of CTZNa was calculated for Q50 and Q85 versus Tbet- hi contrast, 

in the greatest R  ̂ value for CTZK was calculated for a relationship between Q50 and Q85 

and tensile strength.

The differences between the R  ̂values are not large. To explain the observed differences, 

it may be hypothesised that the difference between the R  ̂values for Q50 and Q85 may be related 

to the degree of erosion and disintegration of the tablet.

The initial tablet porosity ( 8 t ) ,  specific surface area of compacted material ( T b e t )  

and tensile strength of the tablets (a,) may not be constant over the time of dissolution, this is why

232



Chapter 9 General discussion

better linear correlation coefficients are observed at the initial phase of dissolution until Q50 is 

released. The difference between values, being greater for CTZNa than for CTZK tablets, may 

be ascribed to the discussed in the previous chapters (3, 4 and 6) different propensity o f these 

materials to hydration. CTZK tends to hydrate faster and bonding of water is stronger than 

for CTZNa. It may be hypothesised that hydration o f the CTZK material progresses faster than 

erosion and dissolution o f the tablet resuhing in, as discussed in Chapter 7, slowing down 

of dissolution. As hydration o f CTZK NPMPs should additionally affect the T b e t  and e, the greatest 

value was recorded for tensile strength o f the CTZK NPMPs tablets suggesting that erosion 

limited by hardness of the tablet is the main driving force o f dissolution o f the CTZK material.

Table 9.2. Parameters o f linear correlations o f Q50 and Q85 for CTZNa and CTZK NPMPs tablets 

versus tablet porosity (et), specific surface area of compacted material and tensile strength 

of the tablets (a,).

System slope Y-intracept R"
Q50 and Q 85 vs. tablet porosity (e,)

CTZNa NPMPs Q50 -2.6923 229.23 0.9423
Q85 -7.4176 566.04 0.8583

CTZK NPMPs Q50 -7.7419 599.03 0.8848
Q85 -16.876 1267.8 0.8719
Q50 and Q 85 v s . ' BET

CTZNa NPMPs Q50 -2.7723 242.31 0.9967
Q85 -7.9865 619.98 0.9926

CTZK NPMPs Q50 -5.6661 585.07 0.9181
Q85 -12.366 1238.3 0.9069

Q50 and Q 85 vs. tensile strength (o,)
CTZNa NPMPs Q50 23.526 42.831 0.9932

Q85 66.413 48.617 0.9497
CTZK NPMPs Q50 52.918 79.184 0.9623

Q85 115.73 133.52 0.9544
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Fig. 9.5. Relationship of time to release 50% of dose- Q50 (red) and 85% of dose- Q85 (black) 

for CTZNa NPMPs (squares) and CTZK NPMPs (triangles) versus: a), b) porosity of the tablets 

(so), c), d) specific surface area of the tablets ( T b e t )  and e), f) tensile strength (ot).
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Main findings

• CTZ can form salts with sodium (CTZNa) and potassium (CTZK) counterions; these salts can 

present different solid state forms.

• CTZNa can be obtained as a dihydrate (CTZNa DH), anhydrous and amorphous form 

(Tgat 192 ”C).

• CTZK can be obtained as a dihydrate, monohydrate, monohydrate hemiethanolate, anhydrous 

and amorphous form (Tg at 160 °C).

• CTZNa DH formed an intramolecular self-assembly (ISA) when crystallised from water 

or water/acetone (1:1 v/v) mixture.

• CTZ formed a range o f ISAs with potassium cations when crystallised from water and ethanol.

• Anhydrous CTZNa and CTZK had the following melting/decomposition points: -289  °C 

and -263 °C, respectively.

• The solubilities o f CTZNa DH and CTZK DH were determined to be -8 0  mg/ml.

• Spray drying o f CTZ resulted in its amorphous form with Tg at 135 °C.

• Spray drying was an effective method of production o f MPs and NPMPs of amorphous CTZNa 

and CTZK.

• The Morphology Classification System of spray dried particles (MCS-SD) developed was 

an useful tool for characterisation of morphology of spray dried powders.

• NPMPs with specific surface areas o f 70 mVg and 90 m^/g for CTZNa and CTZK, 

respectively, and morphology types o f VIBS of MCS-SD were obtained with satisfactory 

yields (-90-95% ) by spray drying from 2% w/v feed and a MeOH/BA (3:7 v/v) mixture.

• NPMPs of CTZNa and CTZK produced by spray drying had better compactibility 

and compressability in comparison to crystalline and non-porous spray dried (MPs) salts.

• NPMPs compacts maintained large specific surface area, at the same time presenting large 

tablet porosity and satisfactory tensile strength.

• CTZNa and CTZK NPMPs tablets presented very good dissolution performance presenting 

the shortest times o f a complete release o f the API dose loaded.

• For the first time it was reported that salbutamol can form a co-crystal.

• For the first time the involvement of adipic acid molecule in the formation of a co-crystal 

of a salt was reported.

• Produced salbutamol succinate tertmethanolate (SSU.MeOH) was a rare example 

of the succinate constituting a solvated salt form.

•  The intrinsic dissolution rate o f SSU was around 4-fold greater than that of salbutamol adipate 

(SA), consistent with the -5-fold difference in aqueous solubility o f salbutamol in SA 

and SSU.
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Future work

Future work

• Chlorothiazide may be used as a model host molecule in further crystallisation studies 

using organic bases, to investigate the modification o f H-bonds in the crystal lattice 

of chlorothiazide and their impact on aqueous solubility o f chlorothiazide. The novel 

compounds can be compared to CTZNa and CTZK salts formulated in this work.

• Chlorothiazide as a diuretic agent may be co-spray dried with chosen glucocorticoids 

to assess superiority o f the combined pulmonary delivery therapy in cystic fibrosis 

in comparison to conventional treatment methods.

• Morphology classification system of spray dried particles can be expanded to describe 

all reported types o f morphology including types o f morphologies o f non-porous spray 

dried particles.

• The approach to tableting o f NPMPs requires investigation of flowability of NPMP 

powders and the impact of particle size on the Tbet and flowability o f powder.

• Tabletability o f NPMPs may be expanded by investigations o f tabletability performance 

of hydrophobic and hydrophilic pharmaceutical excipients formulated into NPMPs.

• Co-crystalline salbutamol adipate and succinate may be compared by subjecting them 

to biopharmaceutic studies in a form o f a tablet and/or as a DPI. They may also be spray 

dried or co-spray dried with a carrier into NPMPs.

• The solubility behaviour o f salbutamol succinate and salbutamol adipate co-crystal 

with adipic acid may be investigated using ternary phase diagrams.

• Salbutamol as a host molecule may be co-crystallised with a broader range o f acidic 

co-formers including e.g. pamoic acid to further decrease the dissolution rate, in a similar 

manner as was applied to olanzapine.
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Appendix I

l  able 1.1. Geometrical parameters o f  prepared tablets.
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Table 1.2. Geometrical parameters of prepared tablets.
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Table 1.3. Geometrical parameters o f  prepared tablets.

b
irj r-H oo in (N ON in <N VO <N'O lŷ ONin 00m 00m VOm ONm VOm r->m oVO VOin o VO

-Sf<seB
H

s
ooin

VOVO mVO r-VOTf
(N
m <N VO r-<N

o in COOnVO OnON
VO<N(N

-n

O O

E oON 'O'O
(Ninin

cnfn ONm (N
Os (Nr-(N in<N

00
ON

min oVO (N
VOON00

>
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Fig. 1.2. Relationship between the diameter of the tablet and compression force for: Dipac™, CTZ 

and CTZ NPMPs. Abbreviations as per Table 7.1.
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Fig. 1.3. Relationship between the height of the tablet and compression force for: Dipac™, CTZ 

and CTZ NPMPs. Abbreviations as per Table 7.1.
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Fig. 1.4. Relationship between the diameter of the tablet and a compression force for CTZNa DH, 

CTZNa ANH, CTZNa NPMPs and CTZNa MPs. Abbreviations as per Table 7.1.
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Fig. 1.5. Relationship between the height of the tablet and a compression force for CTZNa DH, 

CTZNa ANH, CTZNa NPMPs and CTZNa MPs. Abbreviations as per Table 7.1.

260



Appendix I

9.07 
9.06 
9.05 H 
9.04

^  9.03 -
.2 9.02 
0)
E 9.01 H<5
Q 9.00 

8.99 H 
8.98 
8.97

50 100 150 200 250 300
H

Compression pressure [MPa]

■ f

f -i

* ✓

- f - -
Compression force [kN]

2 4

CTZK DH 

CTZK NPMPs -

6 8 

■CTZK MH 

■ CTZK MPs

10 12 14

♦ -  -  CTZK ANH

Fig. 1.6. Relationship between the diameter of the tablet and a compression force for CTZK DH, 

CTZK MH, CTZK ANH, CTZK NPMPs and CTZK MPs. Abbreviations as per table 7.1.

7.00

6.50

6.00 

"e 5.50 
£
^  5.00
O)
^  4.50

4.00

3.50

3.00

50
— H -

100
— I—

150 200 250 300

Compression pressure [MPa]

t
Compression force [kN]

0 2
 CTZK DH

- A - -CTZK MPs

6 8 
CTZK MH 

CTZK NPMPs

10 12 
-  CTZK ANH

14

Fig. 1.7. Relationship between the height of the tablet and compression force for CTZK DH, CTZK 

MH, CTZK ANH, CTZK NPMPs and CTZK MPs. Abbreviations as per table 7.1.
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Table 1.4. Compilation of tablet parameters: force to tensile failure (P), tensile strength (at), tablet

porosity (Tp), and specific surface area (T bet) against compression force (F ).

Formulation F[kN] P[N](ar) ot fMPal(Or) e, [%] T bet

Dipac™

3.00 23.70(6.62) 0.47(0.13) 23.80 0.50±0.03
6.00 49.50(10.27) 1.08(0.22) 17.53 0.77±0.02
10.00 80.00(3.95) 1.80(0.09) 15.42 0.87±0.03
13.00 105.80(4.34) 2.55(0.10) 11.14 0.83±0.01

CTZ RAW
6.00 24.10(19.80) 0.60(0.49) 20.50 0.78±0.02
10.00 34.20(12.99) 0.92(0.35) 15.75 0.81±0.02
13.00 32.56(19.43) 0.90(0.54) 13.50 0.88±0.01

CTZ NPMPs
3.00 26.50(23.85) 0.53(0.31) 33.74 4.75±0.05
6.00 108.30(30.71) 2.38(0.39) 26.45 4.80±0.06
10.00 190.40(37.58) 4.63(0.31) 20.26 4.44±0.04

CTZNa DH
3.00 46.10(5.16) 1.08(0.12) 20.63 0.89±0.02
6.00 94.00(5.58) 2.31(0.14) 17.58 0.76±0.03
10.00 148.80(6.48) 4.26(0.19) 9.22 0.70±0.02

CTZNa ANH
3.00 22.00(5.67) 0.53(0.14) 26.67 2.61±0.04
6.00 45.10(7.50) 1.17(0.19) 21.93 3.40±0.04
10.00 63.90(5.03) 1.80(0.14) 17.74 3.16±0.04

CTZNa MPs
3.00 29.40(23.85) 0.59(0.49) 33.50 1.56±0.02
6.00 68.40(30.71) 1.59(0.71) 27.56 1.69±0.02
10.00 91.60(37.58) 2.23(0.91) 24.78 1.32±0.03

CTZNa NPMPs
1.00 60.20(18.99) 0.62(0.20) 64.51 64.73±0.06
3.00 139.00(6.98) 2.19(0.11) 46.67 56.44±0.07
6.00 213.20(29.59) 4.48(0.62) 31.97 32.80±0.03

CTZK DH
3.00 25.60(13.68) 0.62(0.33) 25.25 1.31±0.02
6.00 48.80(12.48) 1.34(0.34) 18.71 1.13±0.02
10.00 64.40(11.20) 1.84(0.32) 15.89 1.02±0.02

CTZKM H
6.00 31.40(12.40) 0.81(0.32) 21.13 1.78±0.01
10.00 35.60(22.09) 0.92(0.57) 21.18 1.67±0.03
13.00 43.40(34.57) 1.13(0.90) 21.06 1.87±0.02

CTZK ANH
3.00 28.80(6.51) 0.64(0.14) 30.26 1.85±0.04
6.00 51.80(5.05) 1.29(0.13) 24.31 2.07±0.03
10.00 72.20(6.36) 1.87(0.16) 22.20 2.06±0.03

CTZK MPs
6.00 43.30(32.61) 0.93(0.70) 32.07 1.23±0.02
10.00 139.10(10.68) 3.52(0.27) 23.63 1.09±0.01
13.00 199.40(10.67) 5.15(0.27) 21.74 1.14±0.02

CTZK NPMPs
1.00 79.30(21.91) 0.86(0.24) 62.79 82.47±0.86
3.00 159.30(31.49) 2.58(0.51) 46.50 63.28±0.61
6.00 248.40(39.59) 5.11(0.81) 34.17 43.39±0.41
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Fig. 1.8. Force to tensile failure o f the tablet (P) for: CTZNa DH, CTZNa ANH, CTZNa M Ps and 

CTZNA NPM Ps. Error bars express relative standard deviation ( a , )  for com parison purposes.
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Figure 1.9. Force to tensile failure o f the tablet (? ) for CTZK dihydrate, m onohydrate and 

anhydrous microparticles, CTZK spray dried microparticles and CTZK nanoporous microparticles. 

Error bars express relative standard deviation (or) for comparison purposes.

263



I

Appendix I

a) b)

Fig. 1.10. CTZ NPMPs tablet, a) after compaction, b) eroded tablet after one hour incubation in 

saturated CTZ aqueous solution.

a) b)

Fig. 1.11. CTZ NPMPs tablet, a) immediately after immersion in saturated CTZ aqueous solution 

and b) visible erosion o f tablet and flotation o f undissolved pieces fragments o f tablet after 1 hour 

incubation.
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c) d)

Fig.I.12. CTZNa ANH tablet immersed in saturated CTZNa solution, a) after 30 s, b) 60 s, c) 90 s,

d) 120 s.

a) b)

Fig. 1.13. CTZNa ANH tablet after immersion in saturated CTZNa solution for 2.5 minutes, a) 

visible film of loose undissolved material covering b) undissolved solid core o f the tablet.
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q  _

u
1112 10 [ppm]9 8

Fig. II. 1 'HNMR results of chlorothiazide. 

Table II. 1. 'HNMR results of chlorothiazide.

Peak
v(Fl) [ppm]

(Jakobsen and Treppendahl, 1979)
v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C(4)H(4) 7.51 7.54 386678.57 s 1.0000

N(1)H2(5,6) - 7.89 498425.04 s 1.2890

C(7)H(7) 8.10 8.12 253838.92 s 0.6565

C(1)H(1) 8.26 8.29 270559.58 s 0.6997

N(2)H(2) 11-13 12.62 505784.93 s 1.3080
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e  _

180 160 140 120 100 [ppm]80

Fig. II.2. '^CNMR o f chlorothiazide.

Table 11.2 . Summary '^CNM R data for chlorothiazide.

Peak
v (F l) [ppm]

(Jakobsen and Treppendahl, 1979)
v (F l) [ppm]

C(7)H(7) 149.7 148.6

C(5) 135.6 134.4

C(2) 139.9 138.8

C(1)H(1) 126.2 125.0

C(4)H(4) 121.5 120.3

C(6) 121.4 120.2

C(3) 139.0 137.9
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Fig. II.3. 'HNMR analysis results o f chlorothiazide sodium dihydrate.

Table II.3. Summary 'HNMR data for chlorothiazide sodium dihydrate.

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C(7)H(7) 7.22 10261581.08 s 0.8073

C(1)H(1) 7.38 11507461.95 br s 0.9053

N(1)H(5) 7.43 12318922.91 s 0.9692

C(4)H(4) 8.15 12710782.11 s 1.0000
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Fig. II.4. '^CNMR results o f chlorothiazide sodium dihydrate.

Table II.4. Summary '^CNMR data for chlorothiazide sodium dihydrate.

Peak v(F l) [ppm]

C(7)H(7) 155.5

C(5) 150.9

C(3) 134.5

C(6) 131.3

C(1)H(1) 126.5

C(4)H(4) 124.8

C(2) 122.6
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□

B.6 8.4 8.08.2 I S 7.6 F2 [ppm]

Fig. II.5. *HNMR and '^CNMR 2D HSQC correlation analysis o f chlorothiazide sodium 
dihydrate.

Table II.5. Summary 'HNM R and '^CNMR 2D HSQC correlation analysis data for chlorothiazide 
sodium dihydrate.

Peak v(F2) [ppm] v(Fl) [ppm] Intensity [abs]

C(4)H(4) 8.37 125.3 487126.15

C(1)H(1) 7.41 127.2 512641.60

C(7)H(7) 7.60 155.8 182063.44
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Fig. II.6. 'HNMR o f chlorothiazide potassium dihydrate.

Table II.6. Summary 'HNM R data for chlorothiazide potassium dihydrate.

Peak v(F l) [ppm] Intensity [abs] Split Integral [rel]

C(4)-H(4) 8.15 203718.71 s 1.0000

N(1)H2(5,6) 7.51 138006.88 s 2.2248

C (l)-H (l) 7.43 115556.64 s 0.9489

C(7)-H(7) 7.22 149114.31 s 0.9336
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Fig. II.7. '^CNMR of chlorothiazide potassium dihydrate

Table II.7. Summary '^CNMR data for chlorothiazide potassium dihydrate

Peak v(Fl) [ppm]

C(7)-H(7) 155.4

C(5) 151.1

C(3) 134.0

C(6) 131.3

C(l)-H (l) 126.5

C(4)-H(4) 124.9

C(2) 122.6
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Fig. II.8. ’HNMR o f chlorothiazide potassium monohydrate hemiethanolate
[ppm]

Table II.8. Summary 'HNMR data for chlorothiazide potassium monohydrate hemiethanolate.

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C(4)-H(4) 8.15 14067.55 s 1.0000

C (l)-H (l) 7.51 15331.89 s 1.6864

N(1)H(5 or 6) 7.44 6815.83 s 0.7291

C(7)-H(7) 7.22 11831.90 s 0.9835
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Fig. II.9. 'HNMR of salbutamol.

1 [ppm]

Table II.9. Summary 'HNM R data for salbutamol.

Peak v(F l) [ppm] Intensity [abs] Split Integral [rel]

C (10,ll,12)

H (10,ll,12)

1.01 505428467.75 s 9.0000

C(8)H(8AB) 2.53 151509310.75 d 2.6979

C(7)H(7) 4.39 58046259.50 t 1.0336

C(13)H(13AB) 4.49 114572573.50 s 2.0402

C(2)H(2) 6.70 57936546.50 d 1.0317

C(3)H(3) 7.00 57753391.00 d 1.0284

C(6)H(6) 7.26 61532817.50 d 1.0957
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Fig. 11.10. '^CNMR of salbutamol.

Table 11.10. Summary '^CNMR data for salbutamol.

Peak v(Fl) [ppm]

C(10,11,12)H(10-12/ABC) 28.9

C(9) 49.5

C(8)H(8AB) 50.8

C(13)H(13AB) 58.3

C(7)H(7) 72.4

C(2)H(2) 114.0

C(3)H(3) 124.8

C(6)H(6) 125.0

C( 1,4,5) 127.9

C(l,4,5) 134.6

C(l,4,5) 153.0
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Fig. 11.11. DEPT 135° '^CNMR of salbutamol.

Table II.l 1. Summary DEPT 135° '^CNMR data for salbutamol.

Peak v(Fl) [ppm]

C(10,11,12) H(10-12/ABC) 29.0

C(8)H(8AB) 50.8

C(13)H(13AB) 58.3

C(7)H(7) 72.4

C(2)H(2) 114.0

C(3)H(3) 124.8

C(6)H(6) 125.0
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Fig. 11.12. HSQC 2D 'HNM R '^CNMR of salbutamol.

Table 11.12. Summary HSQC 2D 'HNM R ‘̂ CNMR data for salbutamol.

Peak v(F2) [ppm] v(Fl) [ppm] Intensity [abs]

C(10,11,12)H(10-12/ABC) 29.0 1.01 64491476.50

C(8)H(8AB) 51.0 2.53 -9641084.47

C(13)H(13AB) 58.8 4.47 -3756689.97

C(7)H(7) 72.9 4.40 4743591.50

C(2)H(2) 114.1 6.69 2066931.50

C(3)H(3) 125.2 6.98 5468044.50

C(6)H(6) 125.4 7.27 9562782.50
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Fig. 11.13. 'HNMR of salbutamol sulphate.

Table 11.13. Summary 'HNMR data for salbutamol sulphate.

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C(10,11,12)H(10,11,12) 1.21 234945975.50 s 9.0000

C(8)H(8AB) 2.79 53221101.41 m 2.0387

C(7)H(7) 4.46 53454144.59 s 2.0477

C(13)H(13AB) 4.70 27130031.00 d 1.0393

C(2)H(2) 6.73 28555797.25 d 1.0939

C(3)H(3) 7.07 29514581.59 d 1.1306

C(6)H(6) 7.33 28874527.25 s 1.1061
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I I J
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Fig. 11.14. '^CNMR of salbutamol sulphate.

Table 11.14. Summary *^CNMR data for salbutamol sulphate.

Peak v(Fl) [ppm]

C(10,11,12) H(10-12/ABC) 26.7

C(9) 49.8

C(8)H(8AB) 49.6

C(13)H(13AB) 58.7

C(7)H(7) 70.3

C(2)H(2) 114.6

C(3)H(3) 125.4

C(6)H(6) 125.6

C( 1,4,5) 128.6

C(l,4,5) 133.4

C( 1,4,5) 153.9
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Fig. 11.15. DEPT 135° '^CNMR of salbutamol sulphate.

Table 11.15. Summary DEPT 135° ‘̂ CNMR data for salbutamol sulphate.

Peak v(F l) [ppm]

C (10,ll,12) H(10-12/ABC) 26.8

C(8)H(8AB) 49.7

C(13)H(13AB) 58.7

C(7)H(7) 70.3

C(2)H(2) 114.6

C(3)H(3) 125.4

C(6)H(6) 125.6
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Fig. 11.16. HSQC 2D 'HNMR '^CNMR of salbutamol sulphate.

Table 11.16. Summary HSQC 2D 'HNMR '^CNMR data for salbutamol sulphate.

Peak v(F2) [ppm] v(Fl) [ppm] Intensity [abs]

C(10,11,12) H(10-12/ABC) 1.22 26.9 847942.14

C(8)H(8AB) 2.81 49.7 -78334.69

C(13)H(13AB) 4.48 59.0 -237256.16

C(7)H(7) 4.72 70.4 96694.64

C(2)H(2) 6.75 114.9 86622.50

C(3)H(3) 7.07 125.9 54687.30

C(6)H(6) 7.34 126.1 20259.36
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Fig. 11.17. 'HNMR of salbutamol adipate.

Table 11.17. Summary 'HNM R data for salbutamol adipate.

O O M O h *  A  0 ( D

\ r '

J______

I .. A,
1 [ppm]

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C(10,11,12) H(10,11,12) 1.22 326163592.91 s 9.0000

C(8)H(8AB) 2.85 34182310.56 d 0.9432

C(7)H(7) 4.70 36106776.28 s 0.9963

C(13)H(13AB) 4.48 71407490.62 d 1.9704

C(2)H(2) 6.74 37556368.34 d 1.0363

C(3)H(3) 7.06 39760960.09 d 1.0971

C(6)H(6) 7.31 43345757.69 s 1.1961

C(15,18) H(15,18/AB) 

C(15)H(15/AB)

2.11 123414541.75 s 3.4054

C(16,19) 1.50 124935807.22 s 3.4474
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Fig. 11.18. '^CNMR o f salbutamol adipate.
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Table II. 18. Summary '^CNMR data for salbutamol adipate.

Peak v(Fl) [ppm]

C (10,ll,12) H(10-12/ABC) 26.4

C(9) 49.1

C(8)H(8AB) 49.5

C(13)H(13AB) 58.8

C(7)H(7) 69.9

C(2)H(2) 114.7

C(3)H(3) 125.3

C(6)H(6) 125.5

C(l,4,5) 128.6

C(l,4,5) 133.3

C( 1,4,5) 154.0

C(14,I7) 176.7

C(15,18) 35.9

C(16,19) 25.6
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Fig. 11.19. DEPT 135° ’^CNM Rof salbutamol adipate.

Table 11.19. Summary DEPT 135° '^CNMR data for salbutamol adipate.

Peak v(Fl) [ppm]

C (10,ll,12) H(10-12/ABC) 26.5

C(8)H(8AB) 49.6

C(13)H(13AB) 58.8

C(7)H(7) 69.8

C(2)H(2) 114.7

C(3)H(3) 125.5

C(6)H(6) 125.3

C(15,18) 35.9

C(16,19) 25.6
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Fig. 11.20. HSQC 2D 'HNM R '^CNMR of salbutamol adipate.

Table 11.20. Summary HSQC 2D 'HNMR '^CNMR data for salbutamol adipate.

Peak v(F2) [ppm] v(Fl) [ppm] Intensity [abs]

C(10,11,12)H(10-12/ABC) 1.22 26.6 2323969.97

C(8)H(8AB) 2.83 49.5 -905940.91

C(13)H(13AB) 4.49 58.8 -3180529.18

C(7)H(7) 4.71 69.7 1152695.78

C(2)H(2) 6.74 114.5 1389190.88

C(3)H(3) 7.06 125.9 351255.34

C(6)H(6) 7.33 125.4 1096846.03

C(15,18) 2.12 36.4 -1264155.27

C(16,19) 1.51 26.1 -893910.31
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Fig. 11.21. HNMR of salbutamol succinate tetramethanolate.

T
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Table 11.21. Summary 'HNMR data for salbutamol succinate tetramethanolate.

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C (10,ll,12) H (10,ll,12) 1.15 455673768.00 s 9.0000

C(8)H(8AB) 2.73 103333803.50 m 2.0409

C(7)H(7) 4.50 104556943.38 s 2.0651

C(13)H(13AB) 4.60 55455395.00 d 1.0953

C(2)H(2) 6.73 58328186.25 s 1.1520

C(3)H(3) 7.05 55555742.62 d 1.0973

C(6)H(6) 7.31 53465776.88 d 1.0560

C(15,18) H(15,18/AB) 

C(15)H(15/AB)

2.28 101835421.38 s 2.0113

C(16) H( 16/ABC) 

C(17) H(29-31)

3.18 287365001.12 s 5.6757
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Fig. 11.22. ^^CNMR of salbutamol succinate tetramethanolate.

Table 11.22. Summary ^^CNMR data for salbutamol succinate tetramethanolate.

Peak v(Fl) [ppm]

C(10,11,12) H(10-12/ABC) 27.4

C(9) 50.1

C(8)H(8AB) 45.0

C(13)H(13AB) 58.7

C(7)H(7) 71.1

C(2)H(2) 114.6

C(3)H(3) 125.4

C(6)H(6) 125.5

C( 1,4,5) 128.6

C( 1,4,5) 133.8

C(l,4,5) 153.9

C(14,17) 176.2

C(15,18) 32.9

C(17,16) 49.1
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Fig. 11.23. DEPT 135° '^CNMR of salbutamol succinate tetramethanolate.

Table 11.23. Summary DEPT 135° '^CNMR data for salbutamol succinate tetramethanolate.

Peak v(F l) [ppm]

C(10,11,12)H(10-12/ABC) 27.4

C(8)H(8AB) 50.0

C(13)H(13AB) 58.7

C(7)H(7) 71.1

C(2)H(2) 114.6

C(3)H(3) 125.5

C(6)H(6) 125.4

C(15,18) 32.9

C(17,16) 49.1
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Fig. 11.24. HSQC 2D 'HNM R '^CNMR of salbutamol succinate tetramethanolate.

Table 11.24. Summary HSQC 2D 'HNM R ’^CNMR data for salbutamol succinate tetramethanolate.

Peak v(F2) [ppm] v(F l) [ppm] Intensity [abs]

C (10,ll,12) H(10-12/ABC) 1.18 27.8 -50167.69

C(8)H(8AB) 2.72 50.1 -202404.25

C(13)H(13AB) 4.50 59.4 -37838.13

C(7)H(7) 4.60 71.5 322711.27

C(2)H(2) 6.74 114.9 217337.11

C(3)H(3) 7.05 125.8 207308.20

C(6)H(6) 7.33 126.0 17340.70

C(15,18) 2.28 33.1 -199595.55

C(17,16) 3.17 49.3 1228090.75
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Fig. IL25. ^HNMR of desolvated salbutamol succinate.

Table 11.25. Summary ^HNMR data for desolvated salbutamol succinate.

Peak v(Fl) [ppm] Intensity [abs] Split Integral [rel]

C (10,ll,12) H (10,ll,12) 1.1581 506963508.56 s 9.0000

C(8)H(8AB) 2.7224 111265820.25 m 1.9753

C(7)H(7) 4.4862 110189867.25 s 1.9562

C(13)H(13AB) 4.6109 59079315.62 d 1.0488

C(2)H(2) 6.7382 62011262.25 s 1.1009

C(3)H(3) 7.0554 61714562.69 d 1.0956

C(6)H(6) 7.3084 63144963.00 d 1.1210

C(15,18)H(15,18/AB)

C(15)H(15/AB)

2.2805 109882078.69 s 1.9507
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Fig. 11.26. ‘̂ CNMR of desolvated salbutamol succinate.

Table 11.26. Summary '^CNMR data for desolvated salbutamol succinate.

Peak v(F l) [ppm]

C(10,11,12) H(10-12/ABC) 27.4

C(9) 50.2

C(8)H(8AB) 50.0

C(13)H(13AB) 58.7

C(7)H(7) 71.1

C(2)H(2) 114.6

C(3)H(3) 125.4

C(6)H(6) 125.5

C(l,4,5) 128.6

C(l,4,5) 133.8

C(l,4,5) 153.9

C(14,17) 176.2

C(15,18) 32.9
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Fig. 11.27. DEPT 135° ' ‘̂ CNMR of desolvated salbutamol succinate.

Table 11.27. Summary DEPT 135° '^CNMR data for desolvated salbutamol succinate.

Peak v(Fl) [ppm]

C (10,ll,12) H(10-12/ABC) 27.4

C(8)H(8AB) 50.0

C(13)H(13AB) 58.8

C(7)H(7) 71.1

C(2)H(2) 114.6

C(3)H(3) 125.4

C(6)H(6) 125.5

C(15,18) 33.0
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Fig. 11.28. HSQC 2D 'HNM R '^CNMR of desolvated salbutamol succinate.

Table 11.28. Summary HSQC 2D 'HNMR '^CNMR data for desolvated salbutamol succinate.

Peak v(F2) [ppm] v(F l) [ppm] Intensity [abs]

C(10,11,12)H(10-12/ABC) 1.16 27.7 5044325.70

C(8)H(8AB) 2.73 50.1 -339711.76

C(I3)H(13AB) 4.49 58.5 -2221419.78

C(7)H(7) 4.60 71.4 508582.94

C(2)H(2) 6.74 115.2 126481.80

C(3)H(3) 7.32 125.4 305727.63

C(6)H(6) 7.06 125.6 439433.84

C(15,18) 2.28 33.6 -626604.50
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