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A bstract
There is increasing awareness about the am orphous form or disordered structure of material. The 

am orphous state is studied widely, due to two reasons; first, it is encountered without choice during many 

processes (e.g. milling/micronization) and second due to its advantages over the crystalline form (e.g. 
solubility). The im portant aspect of the am orphous form is its metastabUity (tendency to transform  into a 

thermodynamically stable crystalline form). The current studies on the am orphous solid state involve, i) 

quantifying the disorders in otherwise ordered crystalline structures; ü) identifying the conditions under 
which its transform ation into an ordered crystalline form could be controlled and ni) stabilizing the 

am orphous form by formulating as a  solid dispersion. The characterisation of the am orphous state is 

mainly based on therm al analytical techniques (DSC) to estim ate glass transition tem perature. Other 

techniques, which are used routinely to study the am orphous state, involve spectroscopy (XRPD, FT-Ram an, 
FT-IR, and Terahertz), microcalorimetric analysis (Solution calorimetry) and vapour sorption analysis (DVS).

The aim of the thesis was to identify the techniques to characterise the am orphous state under the 

controlled conditions of tem perature and humidity. These techniques would then be used to identify the 

conditions for the zero molecular mobility in the am orphous model substances selected for the study.

The heating rate dependence of the glass transition was studied for am orphous indometacin. These studies 

were then used to calculate the fragility or the strength param eter and the activation energy (of relaxation 

process) for the am orphous solid. These param eters can be used to compare the relative stability of the 
different glasses. The StepScan DSC could successfully distinguish the process of aging in the am orphous 
sta tes of indometacin, nifedipine and lactose. It was also observed tha t below a  certain tem perature for 
each am orphous state the relaxation time became extremely high, th is tem perature could be correlated to 

the Kauzmann tem perature (Tk).

The various transitions induced in the am orphous state of indometacin and lactose due to RH ramp were 

studied using DVS, perfusion calorimetry and IGC. The correlation of transitions from DVS was based on 

changes in weight gain profile as compared to changes in power output signal from perfusion calorimetry 
and changes in retention volume and pressure drop by using IGC. For am orphous lactose a  sequence of 

transitions viz. mobility onset, glass transition, collapse and crystallisation could be followed as the RH was 

ramped. It was possible to characterise each transition with respect to a critical RH (%cRH) required for its 

induction e.g. %cRHg and %cRHcry as %RH required to induce glass transition and crystallisation 

respectively. The values of %cRH obtained using different techniques m atched with each other.

In the case of am orphous indometacin, the preferential surface plasticisation effect of sorbed water was 

dem onstrated using IGC. Although the glass transition could be observed on the surface of am orphous 

particle, no spontaneous crystallisation could be seen with the RH ramp. Using a  serial ram p of alcohol 

pressure (e.g. methanol, ethanol and propanol) by perfusion calorimetry it was possible to dem onstrate 

glass transition and crystallisation in am orphous indometacin; these transitions could be observed from the 
power out pu t signal obtained.

The different values of critical solvent pressures obtained a t different tem peratures were used to estim ate Tk 
for am orphous indometacin and lactose.

NIR studies dem onstrated changes in am orphous nifedipine for the storage a t room tem perature, which 

otherwise would have been missed while characterising by IGC, DVS and TAM. The various techniques 
used in th is work could be used very effectively to study the am orphous state.
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1.0 Introduction

Solid dosage fo rm s  are  the  m ost frequently u sed  form of drug  delivery. Dosage form s 

in w hich the drug  is in solid s ta te  include tablets, capsules, dry pow der inhalers, 

dispersions or suspensions.

The active ingredient in the  solid dosage can  have various form s (e.g. polym orphs or 

am orphous). It is im portan t from the  form ulation an d  the regulatory point of view th a t 

the  dosage form consists  of the  m ost pure  an d  stab le form of the  active. Many tim es 

the  form ulator is tem pted  to use  the  m eta-stab le  form (e.g. am orphous s ta te  or m eta 

stable polymorph) because of the  wide range of advantages over the  stab le form. In 

such  cases, it is im portan t to u n d e rs ta n d  the  vulnerability  of the  m eta-stab le  form to 

various pharm aceu tica l processes. It is also im portan t th a t the  selected form stays 

stable over the  shelf life of the product.

W hereas to select the  m ost su itab le  form of the  active for the  dosage form u n d er 

developm ent is im portan t from the innovators point of view, to find an d  stabilize the  

m etastab le  form s m ay be an  advantage from the  generic point of view. There is always 

an  ongoing race to be tte r u n d e rs ta n d  the solid s ta te  e ither by developing new 

techn iques to characterise  the  existing solid s ta te  or to u se  the  existing techn iques to 

discover new form s of the  active.

The u se  of the  am orphous form of the  active is m ainly im peded by the  m eta-stability  

an d  its  tendency to transform  into the m ore stab le crystalline form. In th is  thesis  an  

a ttem p t is m ade to better u n d e rs tan d  the  am orphous s ta te  from the  pharm aceu tica l 

point of view.



20

1.1 Solid s ta te  o f m atter

Solid sta te  of a  m atte r is characterised  by interlocking of the  c o n stitu en t m olecules 

w ith respect to each  other. The constituen t m olecules are tightly held together by 

m eans of in term olecular linkages (mainly strong  hydrogen bonds, an d  Van der w aals 

forces of attraction) (Martin, 1993a). M olecules in  liquid do exhibit in term olecular 

bonds b u t they are  com paratively w eaker th an  in the  solids. Liquids exist in  a  so rt of 

dynam ic sta te  where old bonds are  continuously  broken  an d  replaced by new  bonds. 

In o ther w ords m olecules exhibit significant tran sla tio n a l an d  vibrational entropy. 

This is no t the  case w ith solids. M olecules in the  solid s ta te  can  exhibit only 

v ibrational entropy an d  tran sla tiona l entropy to a  very lim ited extent.

1 .1 .1  Polym orphs, so lv a tes  and am orphous form s

The solid sta te , depending on how the  m olecules are  a rranged  could be fu rther 

classified (Byrn et al., 1999) a s  follows.

Solid S tate

O rdered s tru c tu re  (Crystalline) D isordered S tru c tu re  (Amorphous)
— ...............    " " I " ' " ............... .....................

Polym orphs Solvates

Crystal: H om ogeneous portion of m atte r th a t  h a s  a  definite, orderly atom ic (hence 

molecular) s tru c tu re . It is also an  outw ard form bounded  by sm ooth  plane surfaces 

w hich are  arranged  sym m etrically.

Am orphous (Glassy m aterial): M aterials th a t are  solids w hose atom s or m olecules do 

not adop t a  crystalline lattice, b u t which nevertheless canno t easily move p a s t one 

another.

Polym orphs: W hen two crysta ls have a  sam e chem ical com position b u t different 

in te rnal s tru c tu re  (m olecular packing) they are  polym orphic m odifications or 

polym orphs.

Solvates: Also know n as  pseudo-polym orphs, they are  c iystalline solid add u c ts  

contain ing  solvent m olecules w ithin crystal s tru c tu re , in e ither stoichiom etric or non- 

stoichiom etric proportions (V ippagunta e t al., 2001).

A single m olecule in its  solid s ta te  can  exhibit several physical form s (polym orphs, 

solvates or am orphous). The kind of form in which it exists prim arily depends on the 

m olecular s tru c tu re  (functional groups in  a  molecule) and  secondarily on the  m ethod 

by w hich it is prepared.
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1 .1 .2  Forces responsible for crysta l packing

Organic crystals  are  held together m ainly due to non-covalent bonds a s  com pared to 

ionic linkages in the  Ionic crystals  (Byrn et al., 1999). The non-covalent linkages are 

e ither hydrogen bonds or non-covalent attractive in teractions. The hydrogen bond 

and  the  non-covalent attractive in terac tions resu lt in  regular arrangem en t of 

m olecules in  the  crystal. The non-covalent a ttractive in terac tions (non-bonded 

in teractions) depend on the  dipole m om ent, polarizability an d  electronic d istribu tion  of 

the  molecule. The hydrogen bonding in terac tions require hydrogen donor and  

acceptor functional groups in the  molecule.

Crystal packing also depends on sym m etry or lack of sym m etry of the  molecule. The 

m olecular sym m etry decides how m olecules are  packed  in  the  crysta l and  also 

som etim es decides the  sym m etry of crystals. W hen a  single m olecule can  exhibit 

m any forms, the  relative stability an d  hence the  predom inance of a  p a rticu la r form 

can  be determ ined using  the D ensity rule, w hich s ta te s  th a t  ‘i f  one modification o f  a 

molecular crystal has lower density  than another, it m ay  be a ssu m ed  to be less stable  

at absolute zero ’ (Burger and  Ram berger, 1979). A h igher density  m eans m ore close 

packing of the  crysta ls and  sm aller free energy. It follows th a t, sm aller is the bond 

length  stronger will be the in term o lecu lar/in tram o lecu lar bonds holding the  m olecules 

in the  crysta l for denser polym orphs, hence will exhibit a  h igher m elting tem pera tu re  

and  fusion enthalpy. There are  a  few exceptions reported  in  the case of 

pharm aceu tica ls  e.g. Indom etacin stab le y-form h a s  lower density  (1.37 gm /cc) th an  

the  m eta-stab le  a-form  (1.43 gm /cc) (Chen e t al., 2002).

1 .1 .3  Pharm aceutical process in fluenced  by th e  physica l form

Im portantly , each  polym orphic form will exhibit d istinc t physicochem ical properties 

(Table 1-1)  w hich can  ultim ately affect the  pharm aceutically  im portan t processes 

listed in Table 1-2.

D ensity H ardness Cleavage /  p lasticity

Melting point, en thalpy  Chem ical/  physical Solubility

(therm odynam ic properties) stability

Optical properties W ater up take

Table 1-1: The list of properties th a t  are dependen t on the  physical form of a

com pound (Byrn et al., 1999).
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Tabletting Drying Filtration

Flowability D issolution Freeze drying

G ranulation Mixing Suspension

Milling Dry powder inhale rs

Table 1-2; A list of pharm aceu tica l p rocesses influenced by the  physical form of a  

com pound (Byrn et al., 1999).

The im portance of polym orphic form in pharm aceu tica l developm ent is due to their 

differences in solubility, m echanical properties an d  physical stability.

1 .1 .4  Pharm aceutical im p lication s o f  the physica l form

Purpose Substance C rystal form

Stable B eclom ethasone Chlorofluorocarbon solvate

Non-

hygroscopic

Amoxicilin A nhydrous sodium  salt

Azithromycin D ihydrate

High w ater 

solubility DDI, DDT M onohydrate

High

bioavailability Mefloquine HCl Polymorph

High activity Cefuroxime axetil A m orphous

Improved flow Ibuprofen Crystalline

Piroxicam P~form

Improved

tabletting Sorbitol y-form

Table 1-3: Applications of various crysta l form s (Byrn et al., 1999).

The fact th a t different physical form s of the  pharm aceu tica ls  exhibit different 

pharm aceu tica l p roperties m akes the  selection of appropriate  physical form inevitable. 

A review of various physical form s p a ten ted  for p a rticu la r pharm aceu tica l applications 

(Byrn et al., 1999) ind icates th a t a  p a rticu la r physical form is selected over o ther for 

e ither one of the  following advan tages -  improved stability, non-hygroscopic, 

injectable, im m ediate release, highly w ater soluble, improved flow, im proved tab letting  

etc. (examples in Table 1-3). The am orphous form of an  active is particu larly  

im portan t for im provem ent in d isso lu tion  properties, w hich is an  issue  in the  case of 

m any  hydrophobic drug  m olecules. The am orphous s ta te  of an  active is used  in 

form ulation of m any solid dosage form ulations e.g. Spectracef® (Cefditoren Pivoxil), 

Crestor®  (R osuvastatin  calcium) a n d  Ceftin® (Cefuroxime axetil) etc. w ith the  m ain  

advantage of im proved bioavailability. A lthough the  am orphous s ta te  exhibits
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im proved d issolution properties it is the  least favourite solid s ta te  because  of its 

instability  an d  tendency to transfo rm  into the  crystalline state . There are  several 

reviews w hich d iscuss  the  issu es  related  to generation, charac te risa tion  and  the 

significance of the  am orphous sta te  in  the  pharm aceu tica l a ren a  (e.g. Craig e t al., 

1999; H ancock and  Zografi, 1997; Yu, 2001) w hich em phasize the  im portance in 

u n d ers tan d in g  the  am orphous sta te . The am orphous s ta te  h a s  no t only been the  

sub ject in  pharm aceu tica ls  b u t also in  m any o ther b raches broadly characterised  as 

the m aterial sciences (Angell, 1995).

The am orphous s ta te  m ay have faste r d issolution ra te  (which is m any tim es m istaken  

as h igher solubility) som etim es be tte r flow properties an d  com pression charac te ris tics  

th a n  the  corresponding crystalline form. Apart from those advan tages the am orphous 

s ta te  m ay be encountered  due to various pharm aceu tica l p rocesses su ch  as  spray 

drying, freeze drying an d  milling. W hatever the  reason  for generation  of the 

am orphous sta te , it is always im portan t to be tter u n d e rs ta n d  it.
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1.2 Am orphous -  lack  o f m orphology

The am orphous sta te  of m atte r h a s  been a ttrac ting  a tten tion  of sc ien tis ts  from various 

fields. Physicists, ceram icists, m etallurg ists, polym er and  m ateria l sc ien tis ts  have 

stud ied  the am orphous sta te  for various reasons. The am orphous sta te  h a s  a  variety 

of applications an d  is u sed  in  plenty of applications of daily use; the  m ost notew orthy 

is glass.

Three dim ensional long-range order, p resen t in  the  crystal s ta te  is ab sen t in  the 

am orphous s ta te  an d  the  position of m olecules is random  to one an o th er a s  in a  liquid 

(Figure 1-1); hence it can  be defined as, a  liquid th a t  h a s  lost its  ability to flow. In 

liquids, the  m olecules have transla tional, ro ta tional and  vibrational degrees of 

freedom. In the  case of crystalline solids tran sla tio n a l and  ro tational degrees are 

p resen t to a  leaser ex ten t or ab sen t due  to rigid a rrangem en t of m olecules (molecules 

can  only v ibrate to some extent). W hereas, in am orphous sta te  m olecules can  vibrate 

and  ro tate  ju s t  like in liquid sta te  (even though  these  degrees of freedom  depend on 

the individual m olecule and  tem perature). This m eans th a t  m olecules in the 

am orphous sta te  exhibit m ore in te rn al energy as  com pared to the  crystalline sta te  

(Imaizumi et al., 1980).

A m orphous

ai r a r

C rystalline

Figure 1-1: M olecular arrangem en t in  am orphous a n d  crystalline state .

The am orphous s ta te  is also know n as  a  glassy s ta te , because of its  low refractive 

index a s  com pared to the crystalline state . Angell (Angell, 1996) h a s  defined the  

glassy sta te  as  "any liquid w ith  sluggish  crystallisation kinetics becoming structurally  

arrested over a fin ite  range o f  tem perature’.
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1.3 T herm odynam ics o f th e  glass form ation and generation  o f  am orphous 

sta te

Liquid

Enthalpy,
Entropy,
Volume

Super-cooled liquid

G lass 1

G lass 2

C rysta l
Tm

Temperature

Figure 1-2: The process of g lass tran sition  observed by cooling a  liquid melt; the  type 

of g lass form ed (glass 1 and  glass 2) depends on the  cooling ra te , ind icating  th a t  Tg of 

the  g lass form ed would be h igher w hen it is cooled faster. Tk is K auzm ann 

tem pera tu re  or the  least possible Tg w hen cooled a t infinitesim ally slow rate , it is the 

hypothetical tem pera tu re  u sed  as  zero mobility tem pera tu re . Reproduced from (Ediger 

et a l ,  1996).

The p rocess of g lass form ation by quench  cooling of a  liquid m elt is explained 

therm odynam ically  in  Figure 1-2. W hen a  liquid m elt is cooled down below m elting 

tem pera tu re , a  super-cooled liquid sta te  is en tered  provided th a t  the  crystallisation 

event is avoided. A substance  should  exist a s  a  solid below its  m elting point (or 

shou ld  crystallise upon  cooling below m elting point), b u t a  few su b s tan ces  (those 

w hich can  form a  glass) continue to be liquid like a n d  hence are  described a s  su p er

cooled liquids. F u rth e r cooling of a  super-cooled liquid cau ses  a  con tinuous loss in 

en thalpy  or in o ther properties over a  certain  tem pera tu re  range, after which, a  b reak  

in tem pera tu re  dependence of en thalpy  is seen. A con tinua tion  of cooling beyond the 

b reak  point does no t lead to concom itan t loss in en thalpy  values, or som e of the  

en thalpy  is frozen in a t th is  stage. A b reak  in  en thalpy  ve rsu s  tem pera tu re  

rela tionsh ip  is also accom panied w ith a  sh a rp  rise in viscosity values (viscosity sim ilar
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to the  solid state). This phenom enon of tran sition  from liquid like to a  solid like sta te  

(or a  su d d en  viscous slowdown) on cooling of the  m elt is called the g lass transition . 

There are several theories explaining why a  glassy s ta te  is form ed an d  the  observed 

charac te ris tics  of the  glassy sta te  b u t none of them  can  successfully  explain all the  

properties of the  observed glass. The theories are sum m arised  in an  excellent review 

(Ediger e t al., 1996). The m ost widely used  theory  is mode coupling theory  (MCT) of 

v iscous slowdown. As the  nam e indicates som e m odes of m olecular relaxation 

separa te  as  the  super-cooled liquid s ta te  is cooled down below a  certa in  tem peratu re .
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1 .4  M ethods for generation  o f am orphous s ta te

The am orphous ch arac te r can  be generated intentionally  (to explore the  advantages of 

am orphous sta te  e.g. solubility etc.) or un in ten tionally  du ring  the hand ling  and  the 

processing  of pharm aceu tica ls  (e.g. milling). The different m ethods w hich can  

potentially  generate am orphousness  have been d iscu ssed  in detail (Angell, 1995; 

H ancock an d  Zografi, 1997) and  can  be sum m arized a s  follows,

1 .4 .1  Super-cooling o f  liquid m elt

This is the m ost widely used  m ethod for generation of the  am orphous sta te . A solid is 

m elted an d  th en  rapidly cooled down, to avoid the  crysta llisa tion  process. The liquid 

m elt en te rs  into a  super-cooled liquid sta te  and  th en  in to  a  glassy sta te  in which 

m olecules are a rres ted  kinetically in am orphous sta te . The m ethod could be depicted 

therm odynam ically  in  Figure 1-2. This m ethod is u se d  industria lly  a s  a  m elt 

ex trusion  process (Albano et al., 2002) or spray quench ing  (spraying liquid m elt into 

liquid nitrogen or chilled w ater).

1 .4 .2  Solvent evaporation

A solid crystalline sam ple is dissolved into a  solvent, w hich is th en  evaporated rapidly 

leaving am orphous solids behind. The rem oval of solvent could be perform ed 

industria lly  by a  freeze drying m ethod. The solvent rem oval could also be perform ed 

by em ploying the m ethod of spray drying. The p rocess of freeze drying involves 

ex tended  drying a t prim ary and  th en  secondary drying tem pera tu res. The freeze 

drying procedure m ay cause  the  am orphous s ta te  to anneal an d  can  induce 

crystallisation.

1 .4 .3  M illing or m icron ization

The process of milling or m icronization is prim arily  u sed  for particle  size reduction  

(Figure 1-3) in pharm aceu tica l processing (Williams et al., 1999). The particle size is 

n o t only im portan t for form ulation of dry powder inhale rs  (Steckel e t al., 2003) b u t 

a lso  governs the  d isso lu tion  rate. Albeit, these  p rocesses often induce undesired  

am orphous ch arac te r or disordered regions in the  crystalline sam ple, these  d isordered 

regions are  m ainly located a t  the surface of crystalline pow der (Newell et al., 2001a). 

Theoretically the  milling process activates powder surface by supplying m echanical 

energy an d  th is  activation m ay induce the d isorders in the  crystalline sam ple, these 

d iso rders  m ay be reta ined  in the solid s ta te  an d  ultim ately  influence the  properties of
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a finished product. Although it is also possible th a t the  generated am orphous state is 

short lived b u t it may not revert back to the original crystalline state.

%

Figure 1-3: Scanning electron m icrograph of salbutam ol su lphate a. Unprocessed

crystals, b. Agglomerated fine particles or am orphous regions after ball milling from 

(Brodka-Pfeiffer et al., 2003).

Various approaches have been reported to stabilize the disordered sta te  produced by 

milling e.g. cryogenic grinding (Crowley and Zografi, 2002) of crystalline indom etacin, 

which involves im m ersion of the milling vessel in liquid nitrogen to stabilize the 

disordered regions. O ther approaches may include co-grinding with silicone dioxide 

SiOa and Mg(OH)2 (W atanabe et al., 2002) and recently with Neusilin (am orphous 

m agnesium  alum inosilicate) (Gupta et al., 2003). The milling has been used in 

generating highly am orphous form (>95%) of cefuroxime axetil b u t required extended 

milling with either one of the excipients such as silica, talc, sodium  chloride, calcium 

carbonate or m ixtures thereof (Somani et al., 2000)

1.4 .4  Precipitation from solu tion

When a  solution is added to an  anti-solvent (which is miscible with the solvent) the 

solute may precipitate as am orphous solid. The precipitation m ethod is employed very 

effectively to m anufacture  the am orphous form of Cefuroxime axetil (Karimian et al.,

1998).

1.4 .5  Dehydration o f hydrates

These are the solid sta te  diffusion controlled reactions, during th is process the solvent 

molecules, which are p a rt of the crystal lattice are removed. The removal of solvent 

molecules leaves a skeletal which collapses into am orphous state. This technique has 

been reported for the form ation of am orphous sta te  from a  dihydrate of 

Carbam azepine (Li et al., 2000).
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1 .4 .6  C om paction or com p ression  o f the crysta ls

Normally crysta ls are extrem ely brittle and  lack elasticity. W hen crystalline solid is 

subjected  to com pression, crystal faces with weak, brittle  bonding fractu re  an d  form a  

denser am orphous sta te . These transfo rm ations m ay be undesirab le  since the  tab le t 

properties are  influenced by the  solid s ta te  properties of an  active ingredient. M any 

tim es these  tab le ts  exhibit undesirab le  effects su ch  as capping or cracking associa ted  

w ith the  release of com pression stress.
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Figure 1-4: M olecular conform ations of sorbitol (top) an d  D -m annitol (bottom), in  the 

free (liquid) s ta te  (left) and  the crystalline sta te  (right). In the  case of sorbitol, the  

m olecular conform ation rem ains the  sam e in both  s ta tes , w hereas in the  case of D- 

m annito l different conform ations could be seen in  the  liquid an d  the  solid s ta te  (see 

text for m ore details).

Not all m olecules can  form the  am orphous s ta te  readily or they m ay no t form the 

am orphous sta te  a t  all. The form ation of am orphous glass is m ainly influenced by 

therm odynam ic or kinetic properties of the m olecule a n d  m ay be very straightforw ard 

for some (good glass formers) b u t difficult for o ther m olecules (poor g lass formers). 

Therm odynam ically if a  crystalline sta te  is no t very different energetically, th en  the 

am orphous s ta te  is form ed readily. W hereas kinetically a  slow crysta llisa tion  ra te  m ay 

allow the m ateria l to be frozen in  a  glassy sta te  (Yu, 2001).

The issue  w hich needs fu rth e r a tten tion  in g lass form ation tendency and  the  stability 

of a  g lass is the  conform ational flexibility of m olecule (Yu et al., 2000). A m olecule can  

exhibit different conform ations an d  configurations. M ost of the  pharm aceu tica ls  are 

organics contain ing  arom atic benzene rings w ith su b stitu tio n s . An arom atic ring with 

su b s titu tio n s  is a  highly s tra ined  s tru c tu re  an d  can  exhibit different conform ations 

b u t the  m ost stab le are boat an d  chair forms. In th e  case of a  conform ationally 

flexible m olecule, a  nu m b er of conform ations are  possible an d  m olecules in  a  solution 

or in  a  m olten s ta te  can  be p resen t as a  m ixture of various conform ations. B ut in  a  

crystalline sta te  conform ational flexibility is restric ted  an d  m olecules are  held together 

w ith specific conform ation and  configuration in a  fixed cage. This m eans the  process 

of crystallisation  from a  solution or a  m elt proceeds w ith  the  selection of a  particu la r 

conform er. The process is particu larly  slow for a  conform ationally flexible m olecule 

(which can  be p resen t in  various conform ations a t a  time) an d  m olecules can  easily 

en te r into a  glassy am orphous state . A n u m b er of stab le configurations a  m olecule 

can  exhibit can  be determ ined using  m olecular m odelling software; hence such



31

software can  be u sed  effectively in  estim ating  a  g lass form ing capability  of the 

m olecule.

This concept can  be exemplified using  different crystallizing tendency of hexitols (Siniti 

et al., 1993b; Siniti e t al., 1993a). Sorbitol and  iditol exhibit sim ilar conform ations in 

the  free and  crystalline sta tes, w hereas dulcitol an d  D -m annitol exhibit different 

conform ations in the crystalline sta te  a s  com pared to the  solution sta te  (Siniti e t al., 

1999). These differences are depicted in poor g lass form ation ability of dulcitol an d  D- 

m annito l, w hereas a  stable g lass for sorbitol an d  iditol.

Although th is  issue  is no t widely reported  in the  pharm aceu tica l litera tu re , the  u se  of 

p a rticu la r enan tiom ers u sed  in g lass form ation is m entioned in  the  case of Cefuroxime 

axetil (R and  S) (Crisp an d  Clayton, 1991; Crisp an d  Clayton, 1985).
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1.6 Properties o f  th e  am orphous sta te

Volume OR 
Enthalpy

Temperature

Figure 1-5: The different dom ains of am orphous s ta te  obtained by plotting

tem pera tu re  dependen t property of a  g lass form er (enthalpy or volume); the  curved 

region indicating a  g lass transition , reproduced  from (Angell et al., 2000).

The s ta te  of m atte r  below its m elting point a n d  lacking the  long range order of 

m olecules is classified a s  the am orphous state . By th is  definition a  glassy s ta te  (below 

Tg) along w ith su p er cooled liquid s ta te  (above Tg) could be classified as the  

am orphous sta te . A few w orkers describe su p er cooled liquid sta te  a s  a  ru b b eiy  state . 

The glass tran sition  tem pera tu re  (Tg) d istingu ishes glassy an d  rubbery  sta te  (Figure 1- 

5). The tran sition  from a super-cooled liquid s ta te  to a  glassy s ta te  or vice versa is 

accom panied w ith  change in m any properties. The am orphous s ta te  could be studied  

by dividing various m odes it exhibits w ith respect to g lass tran sition  in to  three 

dom ains a s  follows (Figure 1-5) (Angell et al., 2000).

1 .6 .1  G lass-form er in  internal equilibrium  (Dom ain A)

This dom ain covers the  g lass form er in  super-cooled liquid region, w here tem pera tu re  

is significantly h igher th an  the  g lass tran sition  tem pera tu re . A pharm aceu tica l 

sc ien tis t seldom  experiences th is  s ta te  or th is  tem pera tu re  dom ain (except in the  

p rocesses su ch  as extrusion , and  som etim es in  the  freeze drying or spray drying etc.) 

b u t it would be in teresting  to exploit th is  s ta te  in  order to u n d e rs ta n d  the  glassy sta te  

(dom ain C). It is characterised  by m easu ring  m ainly the tra n sp o rt related  properties 

(e.g. viscosity, diffusivity, conductivity etc.) or relaxation time.
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The super-cooled liquid sta te  (Domain A) is described a s  a n  equilibrium  sta te , as  a  

sm all change in tem pera tu re  leads to alm ost in s ta n ta n e o u s  change in  tem pera tu re  

related  properties; hence th is  s ta te  is devoid of any  tim e dependen t properties.
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Figure 1-6: Viscosity a s  a  function of reduced  inverse tem pera tu re  for th ree  su p er

cooled liquids of Si02, glycerol and  o-terphenyl (in D om ain A). R eorientation time (o) 

show n for o-terphenyl (OTP) only. Reproduced from (Ediger e t al., 1996).

Typical properties of super-cooled liquid can  be seen  from Figure 1-6. The viscosity in 

D om ain A could be com pared w ith the typical viscosity of w ater or benzene a t room 

tem pera tu re  (10-^ P). The tem pera tu re  dependence of viscosity for Si02 super-cooled 

liquid showed a  n e a r A rrhenius dependence (linear rela tionsh ip  betw een log q and  

1/T), w hereas for glycerol it w as fairly non-A rrhenius response  which, show s extrem e 

non-linearity  for o-terphenyl. The reorien tation  tim e for o-terphenyl w as very sm all in 

th is  dom ain (ranging from picoseconds to nanoseconds) (Chang e t al., 1994). For o- 

terphenyl tem pera tu re  dependence of viscosity followed the  sam e rela tionsh ip  as  

tem pera tu re  dependence of reorien tation  time. M ost of the  super-cooled liquid sta tes  

fall in  two extrem es of Si02 an d  o-terphenyl. On the  basis  of these  properties su p e r

cooled liquids have been classified as  strong  or fragile  (Angell, 1991). The strong 

liquids follow A rrhenius rela tionship  for tem pera tu re  dependence of relaxation process 

an d  viscosity. The strong  liquids are charac te rised  by th ree  d im ensional netw ork 

s tru c tu re s  of covalent bonds (e.g. Si02). The Fragile liquids exhibit non-A rrhenius
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relationsh ip  an d  consist of m olecules in terac ting  th ro u g h  non-directional, non- 

covalent in terac tions like d ispersion forces (e.g. o-terphenyl). The properties of a  glass 

(below glass tran sition  tem pera tu re , Dom ain B) need no t be a  con tinuation  of 

properties observed in  super-cooled liquid dom ain.

A non-A rrhenius (or non-exponential) tem pera tu re  dependence of properties in  the  

super-cooled liquid dom ain is approxim ated w ith V ogel-Tam m an-Fulcher equation 

(VFT) (Equation 1).

r = exp Equation 1

W here, i  is relaxation tim e and  could be replaced by viscosity. To is the  sho rtest 

possible relEixation tim e. Too is the  tem pera tu re  of longest relaxation tim e an d  B is a  

m ateria l param eter related  to its fragility. A lthough widely used , applicability of 

equation  1 is alw ays questioned  n ear the g lass tran s itio n  tem pera tu re  (Tg).

1.6 .2  Glass form er around Tg: tim e dependent properties (Dom ain B)

The glass form ers in the  region of Tg dem onstra te  tim e dependen t properties. This 

m eans th a t  m aterial properties are a  function of bo th  tem p era tu re  as  well a s  time. As 

show n in Figure 1-5 th is  dom ain sp an s  from ju s t  above Tg (super-cooled liquid) 

th rough  to the glassy dom ain (slightly below Tg). This dom ain can  be fu rth e r divided 

in to  two sub-dom ains. F irst a  region slightly above g lass tran sition  tem pera tu re , the 

super-cooled liquid dom ain and  second below glass tran sitio n  tem pera tu re . As 

opposed to dom ain A w here viscosity is com parable to liquid w ater dom ain B is highly 

viscous (10^3 the viscosity fu rth e r increases in the  glassy region. The m olecular 

relaxation tim e (near Tg) reaches a  high value from seconds to years (depending on the 

n a tu re  of glass) a s  com pared to picoseconds in  the  super-cooled liquid dom ain. These 

slow m olecular relaxation p rocesses give rise to tim e dependen t properties (e.g. 

s tru c tu ra l relaxation of g lass or aging an d  annealing). This dom ain is of pa rticu la r 

in te rest to the  pharm aceu tica l sc ien tist as  m ost of the  pharm aceu tica l glasses are 

hand led  in th is  region. A glass can  undergo bo th  s tru c tu ra l and  bu lk  relaxation above 

Tg, w here a s  below Tg s tru c tu re  rem ains a lm ost c o n s ta n t while bu lk  relaxations still 

persist.

1 .6 .3  Frozen g lass form er (Dom ain C)

Below a  certa in  tem pera tu re  the  prim ary relaxation  processes, or a-relaxation 

processes in g lass are frozen described a s  D om ain C (Figure 1-5). The a-relaxations 

are  m ainly due to m olecular ro ta tions w hich are  coupled together. This im plies only
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decoupled m otions are possible in the  Dom ain C. This dom ain is of p a rticu la r in te rest 

to pharm aceu tica l applications w here tem pera tu re  conditions for the  handling  of 

am orphous sta te  are  im portan t. Although there  are  reports  s ta ting  th a t  the  dielectric 

relaxations are  detected  in  th is  dom ain, particu larly  in  ionic g lasses (e.g. Na+, K+ 

glasses and  m etallic glasses).

1 .7  T echniques for the characterisation  o f  am orphous so lid s

The am orphous s ta te  h a s  been stud ied  by n u m ero u s techn iques w hich include 

calorim etric analysis and  various spectroscopic techniques. The easiest way to 

characterise  the  am orphous sta te  is by m icroscopic observation (lack of birefringence). 

The detection of am orphous sta te  in pharm aceu tica ls  h a s  been m ainly focused on the 

p resence of partially  am orphous solids (ordered an d  disordered s tru c tu re s  p resen t 

together) requiring quantification of the  ordered an d  the  d isordered s tru c tu re .

Among the various techn iques u sed  m ost comm only, DSC (by h ea t of crystallisation) 

and  XRD (Saleki-G erhardt e t al., 1994) have been reported  to detect am orphous sta te  

to only more th a n  10% of crystalline or ordered sta te . The o ther techn iques (Table 1- 

4) w ith m uch  lower detection lim its reported  are  MDSC 1-3% (Guinot and  Leveiller,

1999), w ater sorption (DVS) 0.05%  (Buckton an d  Darcy, 1995), solution calorim etry 

0.5%  w /w  (Hogan and  B uckton, 2000; Pikal et al., 1978), iso therm al m icrocalorim etry 

1% (Briggner e t al., 1994) an d  <1% for hydrophobic d rugs (Ahmed et al., 1996), NIR 

an d  DVS com bination 1% (Hogan and  B uckton, 2001), FTIR 1% (Taylor an d  Zografi, 

1998a), Hyper-DSC 1.0% (Saunders et al., 2004) an d  therm ally  stim u la ted  cu rren t 

spectroscopy 1-2% (Venkatesh et al., 2001).

M ost of the  above m entioned techn iques are based  on two s ta te  m odel of a  partially  

d isordered sta te  (coexistence of 100% crystalline an d  100% am orphous regions). The 

presence of rigid am orphous regions along w ith mobile am orphous an d  crystalline 

regions m ay lead to erroneous quantification of am orphousness  (Craig et al., 2001). 

A lthough, the  p resence of rigid am orphous s ta te  is possible theoretically th is  h a s  not 

yet been proven for low m olecular weight pharm aceu tica ls.

The am orphous s ta te  generated  m ainly a t the  surface of a  particle du ring  milling or 

m icronization h a s  been d istinguished  by inverse phase  gas chrom atography (IGC) 

(Newell e t al., 2001a) an d  by m icrotherm al analysis (Craig e t al., 2002).
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T echnique D istin ct C haracteristic o f the am orphous sta te Lower lim it o f  d e tec tio n

DSC G lass tran sition  by step  up  in the  Cp value, 

H eat of recrystallisation 10%

Hyper-DSC Amplification of the  ACp response a t Tg 1%

MDSC Separation  of Cp and  relaxation h ea t flow a t Tg, 

recrystallisation

1-3%

Isotherm al

M icrocalorim etry

Ampoule H eat of iso therm al recrystallisation 1%

Solution H eat solvation and  lattice bond energy 0.5%

XRD Lack of sh a rp  diffraction p a tte rn 5-10%
NIR Broadening of the  b ands along with the shift in wavelength 1%
FTIR Broad vibrational band 1%

R am an Broad vibrational band —

DVS W ater up take  by am orphousness 0.2%

Solid s ta te  NMR Broad peak -

Viscom etiy S udden decrease in the  viscosity above Tg -

DMA Loss of m echanical properties above Tg —

Dielectric analysis Dielectric loss a t g lass transition -

TSC Depolarization c u rre n t due to m olecular relaxations 1-2%

Microscopy Absence of birefringence -

Density Lower density  th a n  the crystalline sta te —

Table 1-4; A list of techn iques u sed  for the  charac te risa tion  of the  am orphous sta te  w ith their lower lim it of detection.
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1.8 Com parison o f  g lass form ed by d ifferent routes

Several m ethods are d iscussed  in section 1.4 for generation  of the  am orphous state . 

A lthough all the  techn iques are  aim ed a t reducing  the  long range o rder of the  

crystalline sta te  into a  sho rt range or no order a t  all of the  am orphous s ta te  they differ 

in the ir efficiency. Hence the  am orphous s ta te  form ed by different m ethods could 

inevitably exhibit different characteris tics  such  as  g lass tran sitio n  tem pera tu re  (Tg), 

w ater up take  profile (hygroscopicity), aging or en thalpy  recovery, surface charac te rs, 

m orphology, the  ex ten t of sho rt range order an d  finally the  crysta llisa tion  tendencies. 

The ex ten t of sh o rt range order could be stud ied  by pow der X-ray diffraction (XRPD) 

and  h ea t of solution. It w as dem onstra ted  for p-lactam  antib io tics th a t the 

am orphous s ta te  generated  w as m ore ordered in  the  case of spray  drying a s  com pared 

to freeze drying (Pikal et al., 1978). In an o th er com prehensive study  am orphous 

trehalose w as p roduced  by freeze drying, spray drying, dehydration  an d  m elt 

quenching  (S urana  et al., 2004b). It w as observed th a t  a lthough  Tg rem ained  alm ost 

constan t, o ther properties such  as  en thalpy  relaxation, w ater up tak e  profile, 

ciysta llisa tion  tendencies and  m orphological fea tu res varied w ith the  m ethod u sed  to 

generate the  am orphous state . The am orphous s ta te  produced  by dehydration 

showed the  h ighest en thalp ic  recovery a t Tg and  also the h ighest tendency to 

recrystallise. This w as opposed to the  m elt quench  techn ique w hich produced  the 

am orphous s ta te  w ith the least or no crysta llisa tion  tendency. The ra te  of w ater 

u p take  w as the  h ighest w ith spray dried solid as  com pared to o ther m ethods.

It is inevitable th a t  the  clear differences could be observed in  the  am orphous sta te  

produced  using  different m ethods. This in itia tes the  highly debated  question  abou t 

w hat should  be u sed  a s  a  s ta n d a rd  for quan tita tive  estim ation  of the  range order in 

the  am orphous state .
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1.9 M olecular m obility , m olecular relaxation and crystallisation  in am orphous 

sta te

a-process

Ps-process
O)

pf-process
-13

2.2 2.6 3.4 3.8 

1000/T (K"*)

4.2 4.6

Figure 1-7: A com parison of various relaxation tim es m easured  for o-terphenyl. a-

relaxation: dielectric relaxation (■), NMR(«); ps-relaxation: dielectric relaxation (o); P r 

relaxation (x). Reproduced from (Ediger et al., 1996).

As explained in  section 1.6 m olecules in  the am orphous s ta te  have different degrees of 

freedom (or mobility) in the  glassy and  the super-cooled Uquid state . In the  super

cooled liquid sta te , w hich is  m ore sim ilar to the liquid sta te , m olecules can  ro tate, 

vibrate and  even translocate. These m olecular m otions in  the am orphous s ta te  are 

often Linked to the m olecular relaxations. The tim e taken  for a  particu la r m otion to 

take place can  be defined a s  the  relaxation time (Angell, 1995). A molecule can  exhibit 

different k inds of relaxations a t a  tim e depending on the  n a tu re  of a  g lassy  sta te . 

These relaxations are often coupled especially in  the  su p er cooled liquid sta te , which 

m eans th a t the m olecular m otion is  observed a s  a  co-operative motion.

Molecular m otions in  the  super cooled sta te  are particularly  faster i.e. they are 

observed on a  sho rter time scale (lO-^sec. to 1Q2 sec.) or they have sho rte r relaxation 

tim es, w hereas in  a  glassy sta te  (below Tg, w hich is m ore sim ilar to solid state) 

relaxation tim es are m uch  longer (few m inu tes to years). M olecular relaxations in  the 

super-cooled liquid sta te  are often classified (Ediger e t al., 1996) a s  prim ary or slow 

relaxations (a-processes) an d  secondary relaxations (p-processes). «-processes 

roughly correspond to m olecular ro tations. P-processes occur on a  sho rte r tim e scale
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as  com pared to a-processes (Figure 1-7) and  are  fu rth e r classified as (3-slow (Ps) and  p- 

fast p rocesses (Pf). Ps-processes are  due to partia l reorien tation  of m olecules w hereas 

Pf-processes are  believed to be due to complex collective an-harm onic  cage rattling  

processes. V ariation of tim e scales of theses  p rocesses w ith tem pera tu re  is show n in 

Figure 1-7. G lass tran sition  as  seen from the  step  change in h ea t capacity  using  DSC 

is often been linked w ith a-relaxations.

The in te rnal energy of am orphous sta te  is h igher th a n  crystalline sta te  (Figure 1-2, 

section 1.3) and  it follows th a t the  m olecules in  am orphous s ta te  are  m ore mobile 

(kinetically). A higher m olecular mobility h a s  often been linked to the  crystallisation 

tendency of am orphous sta te  (Aso e t al., 2004; Aso e t al., 2000). C rystallisation ra te  k 
for the  am orphous sta te  a t tem pera tu re  T  is often w ritten  simply as  equation  2

^  =  D ( T ) /( T ) Equation 2

W here, D(T) rep resen ts  a  tem pera tu re  dependence of m olecular diffusion across the 

nuc lea r am orphous m atrix  interface and  f(T) describes a  nucléation  free energy term . 

A ssum ing a  tem pera tu re  dependence of term  D(T) is m uch  larger th a n  f(T), 

crystallisation ra te  h a s  been correlated  to m olecular relaxation tim e of the  am orphous 

sta te  as  equation  3

'Tg D Tg

r

Tg,
T!

\

\ ^ T g j
Tg

Tg
\

Equation 3

W here, Dt, q an d  x are  diffusivity, viscosity an d  m olecular relaxation tim e a t 

tem pera tu re  T, while Drg, qxg and  xxg a t tem pera tu re  Tg respectively.

M olecular mobility is m easu red  by various approaches w hich could be sum m arized as  

follows.

1 .9 .1 M olecular m obility  using  the em pirical Kohlrausch-W Uliams-W atts 

equation

This approach  is based  on m easu ring  the  ra te  of relaxation of the  am orphous sta te  by 

aging it isotherm ally. M olecular mobility or relaxation tim es are  th en  calcu lated  by 

estim ating  the  ex ten t of relaxation a t tim e ‘t ’ u sing  the  em pirical Kohlrausch-W illiam s- 

W atts equation  (equation 4) (Williams and  W atts, 1970).
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( t Y '0 (0  = exp -  — E quation 4
\T^J

W here, 0(t) is the  ex ten t of relaxation obtained  by annealing  am orphous solid 

isotherm ally for tim e t, r is the  average m olecular relaxation  tim e an d  p is a  param eter 

related  to d istribu tion  of m olecular relaxation tim es.

The ex ten t of relaxation can  be estim ated  by m easu ring  volum e relaxations or 

dielectric relaxations, although  the  m ost com m only u sed  p aram eter is en thalpy  

relaxations {AH) (Hancock et al., 1995). W hen a  g lass ages it relaxes tow ards the 

equilibrium  glassy sta te  an d  losses heat; the  en thalpy  relaxation is observed a s  an  

equivalent h ea t absorbed  (to the  h ea t lost during  aging) a s  an  endotherm ie response 

along w ith g lass tran sition  during  a  su b seq u en t heating  scan.

The extent of relaxation (0(t)) is calcu lated  from en thalpy  relaxation AH(t) a t  tim e t 

u sing  equation  5. The m axim um  possible value of en thalpy  relaxation AH(«) could be 

calcu lated  using  equation  6.

<d (/) = 1 -
a / / h ;

Equation 5

A / / {^)=[Tg-T)/ACp  Equation 6

W here Tg an d  T are g lass tran sition  and  aging tem p era tu re  respectively, ACp being the 

specific h ea t change during  glass transition .

The en thalpy  relaxation can  be m easu red  calorim etrically e ither by using  a  differential 

scann ing  calorim eter (DSC) a s  explained before, or iso therm ally  by directly following 

the  h ea t loss u sing  a  Therm al Activity M onitor (TAM) (Liu et al., 2002).

1 .9 .2  M olecular m obility  from th e Adam-Gibbs-Vogel (AGV) equation

(heating rate dependence o f  g lass transition)

This approach  is originally based  on A rrhenious behaviour (equation 7) for 

tem pera tu re  dependence of m olecular relaxation tim e (Ediger et al., 1996).
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f(̂T) = ^0 exp —  I Equation 7
\

W here T(t) is the  m olecular relaxation tim e a t tem pera tu re  T, to is the  sh o rte s t possible 

relaxation tim e, AH is the activation energy an d  R is the  gas constan t. Lim itations of 

equation  7 (as observed by changes in ap p a ren t activation energy AH) are overcome by 

using  the  Adam-Gibbs-Vogel (AGV) equation  (equation 8) (Aso et al., 2001).

T(j.) — Tq exp Equation 8

W here, t t  and  Tq are sim ilar to equation 7, S and  T o  are  pa ram ete rs  rela ted  to the 

s treng th  and  tem pera tu re  corresponding to m axim um  relaxation tim e respectively and  

T f is the  fictive tem pera tu re . The calculation of p aram eters  in  equation  8, i.e. S, T o  

an d  T f w as explained in detail before (Andronis and  Zografi, 1998; Aso et al., 2001). 

The calcu lation  of S an d  T o  is based  on heating  ra te  dependence of g lass transition . 

The param eters  S and  T o, obtained are m ainly u sed  for com paring the streng th  of and  

zero mobility tem pera tu re  (T o=T k) of am orphous glass respectively. T k is know n as  the 

K auzm ann tem pera tu re  w here the  m olecular mobility in the am orphous sta te  

theoretically ceases, it is also know n as  a  g lass tran sition  tem pera tu re  obtained  w ith 

the  slowest possible cooling ra te  (Ediger et al., 1996). In the  pharm aceu tica l a ren a  Tk 

is u sed  as  a  tem pera tu re  for the  least possible crystallisation  ra te  (Hancock et al., 

1998a).

1 .9 .3  M olecular m obility  by the Cole-D avidson equation

This approach  is based  on estim ation  of m olecular mobility in the  super-cooled liquid 

region by m easu ring  the dielectric co n stan t as  a  function of frequency u sing  the  Cole- 

D avidson equation  (equation 9) (Lindsey and  P atterson , 1980) a s  follows,

1 „  ----------------- = ------- ;--------- Equation 9
^ 0  ~  ^00 (1  CD )

W here, e*(o) is a  complex frequency-dependan t dielectric con stan t, £«, is the  high 

frequency lim iting value of the  real p a rt of the  dielectric con stan t, &o is the  low 

frequency lim iting value of the  real p a rt of the  dielectric con stan t, tcd is the  m axim um  

relaxation tim e for a  m aterial u n d e r  study  an d  p is the  w idth p aram eter (0<P<1).
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M olecular mobility a t tem pera tu re  T can  be calcu lated  using  equation  9 and  the 

m olecular mobility in a  glassy sta te  can  be estim ated  using  the  VTF equation  

(equation 1). M olecular mobility th u s  obtained can  be defined a s  the  dielectric 

relaxation time.

This approach  h a s  been used  in calculation of m olecular mobility for am orphous 

indom etacin  (Andronis and  Zografi, 1998). S hear m odu lus d a ta  (obtained from 

dynam ic m echanical analysis) can  be u sed  w ith the  em pirical Cole-Davidson equation  

(modified Cole-Davidson equation) to m easu re  sh ear relaxation tim e (Andronis and  

Zografi, 1997).

1 .9 .4  M olecular m obility  by therm ally  stim u lated  current

In th is  m ethod am orphous sam ple is heated  above its g lass tran sitio n  tem pera tu re  

and  a  fixed m agnetic field is applied which, cau ses  o rien tation  of the  m olecular dipole. 

The m agnetic field is th en  removed and  sam ple is cooled well below its  g lass tran sition  

tem pera tu re . In a  la s t step  the sam ple is heated  in a  linear ram p  an d  the  cu rren t 

generated  due to depolarization (due to relaxation process of m agnetic dipole) is 

detected  (Correia et al., 2001). Using the therm al window m ethod w ith therm ally 

stim ula ted  cu rre n t spectroscopy (TSC) it h a s  been possible to resolve different 

m olecular relaxation p rocesses and  study  them  individually. Relaxation tim e for a  

m olecular m otion u n d e r consideration  is calcu lated  from equation  10,

-  ^  j { T ' ) d r
t(T) = —------------------  Equation 10

J{T)

W here, t(T) is the  m olecular relaxation tim e an d  J(T) is the  depolarization cu rren t 

density  a t tem pera tu re  T.

1 .9 .5  M olecular m obility  by nuclear m agnetic  reson ance (NMR)

This is one of the  applications of solid s ta te  NMR (Pulsed NMR). In th is  technique a 

sh o rt b u rs t of radiofrequency (Rf) power is supplied  to a  sam ple in  a  fixed m agnetic 

field; causing  the  excitation of a  certain  nuclei. Rf power is th en  tu rn e d  off and  the 

n e t in tensity  of the m agnetic field is th en  observed a s  excited nuclei re tu rn  to their 

original equilibrium  sta te  w ith respect to the ir su rround ings. This ra te  is defined as  

NMR relaxation tim e and  can  be observed for or C^  ̂ nuclei.
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1 .10  A com parison o f m olecular m obility obtained u sin g  different m ethods
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Figure 1-8: A com parison of relaxation time values reported for am orphous

indom etacin using various m ethods. TSC-1 and  TSC-2 are obtained a t m inim um  and 

m axim um  tem peratu re  limits.

It is veiy im portan t to u n d e rs tan d  the m eaning of m olecular relaxation tim e m easured  

using  different m ethods an d  how the values com pare am ong the various m ethods. 

A m orphous indom etacin is  the  only com pound for w hich the m olecular relaxation 

tim es have been m easured  using  alm ost all of the above m entioned m ethods. The 

m olecular relaxation tim e (x) calculated by dynam ic m echanical analysis (DMA) 

(Andronis an d  Zografi, 1997), dielectric analysis (DEA), heating  rate  dependence of Tg 

(Andronis and  Zografi, 1998) and  therm ally s tim ulated  cu rren t (Correia e t al., 2001) 

are com pared in  Figure 1-8. V alues of log x obtained  by different m ethods above the 

g lass transition  tem pera tu re  are particu larly  sho rt and  are com parable. Below Tg, 

m olecular relaxations become sluggish (longer x values). Above Tg, x values obtained 

by enthalpy relaxation m atched  w ith x values from the therm ally stim ulated  curren t 

m ethod b u t differ significantly from the heating  rate  dependence m ethod.

Although equation 3 can  be u sed  a s  a  m eans of com parison betw een the m olecular 

mobility an d  hence the crystallisation ra te s  a t two tem pera tu res its  u se  in  estim ation 

of shelf fife of the  am orphous s ta te  is  questionable. Another issue  in  the  use of 

m olecular relaxation tim e for the  in terp reta tion  of the  crystallisation tendencies is  a  

lack of complete understand ing  abou t w hich m olecular m otions lead to crystallisation
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an d  hence are  of relevance. As described before a  m olecule in a  given environm ent 

can  relax in m any  different ways and  fu rth e r they  all have different tem pera tu re  

dependencies. One type of relaxation m ay predom inate in a  certain  range of 

tem pera tu re , b u t m ay be entirely irrelevant to the  crystallisation process.
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1.11 In teraction  o f w ater vapour w ith  am orphous s ta te

The exposure of solids to various am oun ts of w ater is possible du ring  different 

pharm aceu tica l p rocesses (e.g. wet g ranulation , drying etc.) or during  rou tine  handling  

of the  powder. The in teraction  betw een w ater m olecules and  am orphous solid s ta te  is 

very different a s  com pared to th a t  w ith the crystalline solid sta te . The sorbed w ater 

m ay no t ju s t  influence the physical properties of the  am orphous solid (e.g. b rittleness, 

flow properties, crystallisation  etc.) (Kontny an d  M ulski, 1989) b u t could also lead to 

chem ical instability  (Pikal et al., 1977). These issu es  can  be stud ied  by u n d ers tan d in g  

the physicochem ical n a tu re  of the  in teraction, the  s ta te  of sorbed w ater in the 

am orphous solid an d  its p lastic isation  effect. This could be in teresting  in 

u n d e rs tan d in g  the  physicochem ical stability of the  am orphous solid in the  p resence of 

sorbed w ater.

1.11 .1  The p h ysicoch em ica l nature o f th e  in teraction

The am orphous sta te , due to h igher free volume th a n  the  crystalline sta te , can  allow 

free access to sm all m olecules like w ater a lm ost th ro u g h o u t the  bu lk  of the  solid. 

W hen exposed to high RH w ater m olecules can  be adso rbed  on to or absorbed  in to the 

am orphous m aterial. The am oun t of w ater sorbed depends on the  RH to w hich the 

am orphous solid is exposed along w ith the  physicochem ical n a tu re  of the  solid.

The physical in te rac tions betw een the  am orphous solid and  w ater prim arily involves 

lowering of the  Tg (O ksanen an d  Zografi, 1990). The Tg lowering effect is also 

described as  a  p lastic isation  of the  am orphous solid. The ex ten t to w hich Tg is 

lowered depends on the  am oun t of w ater taken  into the  am orphous solid. It follows 

th a t  a t certain  am oun t of w ater con ten t d iy  Tg (glass tran sition  tem pera tu re  of dry 

solid) would be lowered to am bien t tem pera tu re  w here, the  am orphous solid would 

th en  exist in a  less viscous rubbery  state . F u rth e r w ater up tak e  leads to collapse of 

the  am orphous solid an d  ultim ately transfo rm ation  into a  m ore stab le  crystalline 

sta te . The crysta llisa tion  of the  am orphous solid due to abso rbed  w ater is 

accom panied w ith desorp tion  of w ater or a  weight loss.

The shape of the  w ater sorption iso therm  for the  am orphous solid (before induction  of 

crystallisation) is typically sim ilar to the  type-II (initial shoulder) or type-III BET 

iso therm s (Hancock an d  Zografi, 1993). The sorp tion  of w ater involves e ither 

form ation of physical bonds w ith the  ad so rb en t (mainly hydrogen bonds) or 

condensation  a t  the  surface. All these processes are  essentially  exotherm ic. This 

im plies th a t the  am oun t of w ater sorbed a t any  p a rticu la r hum idity  shou ld  decrease
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w ith increase in tem perature. Sim ilar findings are reported for various sugars 

(Hancock and  Dalton, 1999) and  for PVP (Figure 1-9) (Oksanen an d  Zografi, 1990).
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Figure 1-9: W ater sorption iso therm s for PVP a t various tem pera tu res, from

(O ksanen and  Zografi, 1990).

The physical aging of a  g lass (structu ral relaxation) reduces the rate  and  the extent of 

w ater up take by the am orphous solid a t low RH (10-20%RH), w hereas th is  effect is 

levelled off by higher w ater up take  a t high RH (S urana  e t al., 2 0 0 4 ^ . W ater sorption 

h a s  also been observed to remove the effects of physical aging and  th u s  caused  the 

enthalpy recovery in  an  aged sam ple. This effect of w ater h a s  been observed below the 

g lass transition  tem perature  and  hence indicated a  complex in teraction betw een w ater 

and  am orphous solids.

1 .11 .2  M athem atical m odels to  describe water uptake behaviour o f the

am orphous so lids

The w ater sorption iso therm  is s tud ied  m ost commonly using  a  m odel equation 

designed by Brunauer-Em m ett-Teller (BET) (B runauer e t al., 1938) (equation 11).

IV =

1 -

V/ /

0
V- y

E^quation 11
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where, W is the  m ass  of w ater sorbed per u n it  m ass  of solid, p /p °  is th e  relative 

vapour p ressu re  of w ater, Wm is a  co n stan t related  to the  weight of w ater for 

m onolayer coverage of the  solid and  co n stan t Cb is rela ted  to the  overall free energy of 

adsorption.

Applicability of the  BET equation for the  w ater sorption behaviour of the  am orphous 

solid is questionable. This is due to the  un realistic  n a tu re  of the  co n stan ts  like Wm (as 

w ater m olecules exhibit free access th roughou t the bu lk  of the  sample) an d  Cb (value 

expected to change as  the  sorption proceeds) for am orphous solid.

O ther m odels w hich are  based  on the  solution theory, prim arily developed for 

polym ers b u t u sed  w ith high success for am orphous pharm aceu tica ls  (Hancock and  

Zografi, 1993; Zhang an d  Zografi, 2000) are the  Flory-Huggins m odel (equation 12) 

and  the V rentas m odel (equation 13).

Ypo  = (2*1 exp<

P /  =(!l,expj 1—

Equation 12  

Equation 13

where.

/  = Equation 14

p/pO is the partia l p ressu re  of the  solvent (water), x is the  ratio  of m olar volum es of 

solvent and  polymer, and  O2 are volume fractions of solvent and  am orphous solid,

X  is the  solvent m olecule and  the  solid in terac tion  param eter, Cpg an d  Cp are the  

specific hea t of the  mix (solid w ith sorbed water) in the  glassy and  the  rubbeiy  sta te  

respectively. Mi is the  m olecular weight of the  solvent and  dTgm/dwi is a  change in  Tg 

of the  mix w ith varying w ater m ass  fraction (wi).

The V rentas m odel (equation 13) is particu larly  modified for w ater sorption below the 

g lass tran sition  and  it transfo rm s in to  the  Flory-Huggins m odel (equation 12) w hen Tg 

of the  m ixture drops to T. The Flory-Huggins m odel is particu larly  su itab le  for 

describ ing w ater sorption in the  rubbeiy  state . The various param eters  ob tained  from 

these  m odels have been show n to be effective in u n d e rs tan d in g  the  physicochem ical 

n a tu re  of am orphous solid - w ater in terac tions (Hancock an d  Zografi, 1993).
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1 .1 1 .3  The p la stic isa tion  o f  am orphous solid

P lasticisation  is the  phenom ena by w hich the  g lass tran sitio n  of the  am orphous s ta te  

in  dry conditions (m easured by any  of the techniques) is lowered by m ixing it w ith a  

su b s ta n c e  having a  lower Tg. Sm all m olecules (e.g. w ater, m ethanol, ethanol, acetone 

etc.) w hen mixed w ith dry am orphous m aterial can  lower th e  Tg of the  d iy  am orphous 

solid. As the am orphous solid con tinues absorb ing  w ater, its  Tg reduces an d  a t  one 

p a rticu la r  w ater con ten t the  Tg is reduced  to the  experim ental tem pera tu re . At th is  

w ater con ten t the  solid changes from the  highly viscous glassy s ta te  to the  low 

viscosity rubbery  sta te . The reduced viscosity of the  rubbery  sta te  offers less 

res is tan ce  to the  fu rth e r in take of w ater and  m ay lead to a  change in the  shape of the  

w ater sorption iso therm  above th is  tran sition  (O ksanen a n d  Zografi, 1990). F u rth e r 

reduc tion  in viscosity m ay also lead to increased  flow properties an d  collapse of the  

am orp h o u s solid as  reported  for lactose (Newell e t al., 2001b). These tran s itio n s  

observed a s  a  resu lt of increasing  the am oun t of w ater u p tak e  m ay be correlated  to the  

tra n s itio n s  observed by increasing  the tem pera tu re  of the  am orphous solid (te Booy et 

al., 1992).

The Tg lowering effect of w ater is explained w ith free volum e theory an d  is m odelled 

u s in g  the  Gordon-Taylor equation  (Gordon and  Taylor, 1952) (equation 15).

Tg{n,ix) = + ^2^2  Equation 15

w here and  0 2  are the  volume fractions of the  two com ponents and  Tgi an d  Tg2 are 

the  g lass tran sition  tem pera tu res  of the  individual com ponents of the  am orphous 

m ixture.

The equation  15 is based  on the  perfect volum e additivity or the  sim ple m ixing ru le  

a n d  hence  does no t take  into accoun t any  in terac tion  betw een the  two com ponents. 

For prac tica l pu rposes equation  15 can  be modified a s  equation  16.

[(w, .rg|)+(/s:-w2-T^JJ
ĝmix ~  f 7% VI  Equation 16

w here.

{£? T ) /
K  = ' • T ) Equation 17
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w is the  weight fraction and  p is the  tru e  density. The value of K in equation  16 can  

also be calcu lated  a s  follows,

AC
Equation 18

pi

where, ACp is the  specific h ea t change a t the  glass tran sition .
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Figure 1-10: The variation of Tg for PVP and  cellulose w ith  different w ater content, 

line indicating the  value predicted using  the Gordon Taylor equation  (equation 16) 

(Hancock an d  ZograJi, 1994).

The am orphous solids follow the  Gordon Taylor re la tionsh ip  for the  dependence of Tg 

on the  am oun t of w ater sorbed (e.g. PVP); w hereas som e am orphous com pounds show 

deviations from the  predictions of the  Gordon Taylor (GT) equation  (e.g. Cellulose) 

(Hancock and  Zografi, 1994) (Figure 1-10). A positive deviation ind icates th a t the  

ac tu a l depression  in Tg is m ore th a n  th a t  predicted  u s in g  GT equation; th is  could be 

due  to i) the presence of crystalline regions in the  am orphous solid, ii) the localization 

of the  sorbed w ater on the surface or poor w ater m obility in  the  am orphous solid, iii) a  

kind of in teraction  tak ing  place betw een the am orphous solid and  the  sorbed w ater.

1 .1 1 .4  The sta te  o f  sorbed w ater in  am orphous so lid

The sta te  of sorbed w ater im plies mobility of w ater m olecules in the  am orphous solid. 

This issue  is particu larly  im portan t in considering w a ter-am orphous in teraction  since 

w ater in different s ta te s  can  be a ssu m ed  to exhibit different p roperties an d  hence 

variable effect on the  am orphous sta te . On a  m olecular level, the  process of w ater 

sorption proceeds w ith form ation of hydrogen bonds w ith  the  am orphous sta te . The 

easily accessible sites, w hich located on a  surface of am orphous solid get covered by 

w ater m olecules. In teraction  a t  th is  level can  be assu m ed  to be betw een w ater-solid 

m olecules only an d  no in teraction  betw een w ater-w ater m olecules. W ater m olecules a t 

th is  level of sorbed w ater can  be described to be tightly  bound  w ater (Zografi and  

Kontny, 1986). This process is believed to con tinue till th e  am o u n t of w ater reaches
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som e critical value w hich is correlated to m onolayer w ater con ten t (Wm) from BET 

equation  (equation 11) and  observed a s  a  shou lder on the w ater sorption isotherm  

(O ksanen and  Zografi, 1990), Wm h a s  been regarded  a s  the  critical w ater con ten t 

since m any physical properties change significantly a t  th is  w ater con ten t (Kontny and  

M ulski, 1989). It is also believed th a t  ano th e r critical point exists w hich is a  m ultiple 

of Wm, beyond w hich w ater s ta r ts  exhibiting solvent like properties. This po in t h as  

been determ ined to be th ree  tim es Wm for s ta rch  and  five tim es Wm for m icrocrystalline 

cellulose (Hollenbeck et al., 1978).

A nother possibility is th a t, the  w ater sorption by am orphous solid is a  con tinuous 

process or there  could be no distinction  betw een tightly bound  an d  freely m obile w ater 

s ta tes. Since the  am orphous sta te  lacks rigid in term olecular bonds, sorption of the  

w ater m ay proceed w ith the rep lacem ent of w eak in term olecular bonds w ith hydrogen 

bonds com prising w ater m olecules. This m ay be accom panied w ith possible changes 

in  solid s ta te  conform ations of m olecules resu lting  in  appearance  of additional w ater 

b inding sites. This process w hich is conceptually  sim ilar to the  solvent effect of w ater 

m olecules m ay con tinue along w ith initial w ater sorption (below Wm). The sta te  of 

w ater in the  am orphous solid can  be stud ied  using  different techn iques a s  described 

in the next section.

1 .1 1 .4 .1  The en thalp y o f sorption  to  study th e  s ta te  o f  sorbed water

700
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73 400

k 300
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w (gm water / 100 gm diy starch)

Figure 1 11: Net differential h ea t of sorption (cal/gm ) for w ater vapour by native

potato  s ta rch  a t 20°C a s  a  function of am o u n t of w ater sorbed per m ass  of dry sta rch  

(Zografi and  Kontny, 1986)
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Using iso therm al calorim etry en thalpy  change due to the  sorption p rocess (AHsorpüon) 

could be stud ied  a s  the  am orphous solid is exposed to various levels of % R H . The 

AHsorption could bc com parcd w ith the en thalpy  change d u  to the  condensation  for 

w ater (AHcondensation). The h igher value for AHsorption th a n  AHcondensation ind ica tes th a t  the  

in teraction  is predom inantly  betw een solid-w ater ra th e r  th an  betw een the  w ater-w ater 

m olecules. A change in  differential h ea t of sorption values ind icates the  change in 

therm odynam ic sta te  of w ater as  sorption proceeds (Figure 1-11).

1 .1 1 .4 .2  Therm al analytica l tech n iq u es to  stu dy th e  s ta te  o f  sorbed w ater

A m orphous solid w ith sorbed w ater w hen cooled below 0°C should  show  a  freezing 

response depending on the  sta te  of w ater; u n b o u n d  w ater should  freeze w hereas w ater 

bound  to the  solid s ta te  is unab le  to freeze. P roteins have show n to take  u p  0 .3-0.4 

g /g  dry weight w ithou t any freezing a t low tem pera tu re . W hereas un-freezable w ater 

in s ta rch es  range from 0.25-0.3 g /g  w hich is 3-4 tim es Wm indicating w ater m olecules 

bound  in s tru c tu red  layers a round  the  surface (Zografi and  Kontny, 1986).

1 .1 1 .4 .3  Nuclear m agnetic  resonance to  th e  stu d y  sta te  o f  sorbed w ater

Using th is  m ethod relaxation tim es of H^and were m easu red  a s  explained in 

section 1.2.6.5. The m easu rem en ts  were perform ed a t various levels of w ater. - 

NMR stud ies for w ater absorbed  onto PVP indicated  th a t the  ro tational and  the  

tran sla tiona l mobility of w ater m olecules w as h indered  by the  presence of the  solid 

polym er backbone, hence the  absorbed  w ater w as p resen t in two or m ore s ta te s  with 

different m odes or tim e scales of m otion (O ksanen an d  Zografi, 1993). The a u th o rs  

also concluded th a t  the presence of tightly bound  w ater a t  the  level of w ater 

corresponding to Wm w as unlikely. At h igher levels of w ater con ten t w ater mobility 

increases b u t is alw ays less mobile th a n  the bu lk  w ater. In general it w as concluded 

th a t  the  s ta te  of w ater depends on the  complex in terac tion  w ith the  solid an d  m ainly 

on the  viscoelastic properties of the  solid, since it is know n th a t  the  sorbed w ater 

lowers the  Tg of the  solid and  a t Wg solid transfo rm  into the  less viscous sta te  as  

com pared to the  glassy state . A less viscous s ta te  above Tg m ay be a ssu m ed  to pose 

m ore free access to the  sm all m olecules like w ater.
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1.12  Solubility: th e  advantage o f  am orphous s ta te

The process of solubilization includes breaking of bonds holding the solute m olecules 

in  the  solid s ta te  followed by form ation of bonds betw een solute and  solvent m olecules 

(Martin, 1993b). The am orphous s ta te  lacks the strong in term olecular bonds which 

are p resen t in the ciystal lattice, consequently the am orphous s ta te  shou ld  solubilize 

rapidly a s  com pared to crystals (am orphous solids do no t need  h ea t of solvation). A 

sa tu ra tio n  point (or super-satu ration) wiU generally be reached faster w ith the 

am orphous s ta te  th a n  w ith the equivalent ciystaUine sta te , provided sufficient solids 

are added. If solubilized m olecules are not taken  away firom the solvent they may 

ciystaUise and  precipitate into a  more stable ciystaUine sta te  and  hence the 

equiUbrium solubility wiU depend on the  in trinsic  solubility of the  stable ciystaUine 

state . The process of dissolution of the am orphous and  the ciystaUine sta te  h a s  been 

exemplified using  the example of indom etacin in  Figure 1-12.
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Figure 1-12: The aqueous solubUity profile of am orphous an d  ciystaUine (y-form)

indom etacin (Hancock and  Parks, 2000). A faU in solubUity of the am orphous form 

indicates precipitation of the  stab le polymorph.

It should be noted  th a t w ith the am orphous s ta te  (as com pared to the  crystalline 

state), the solution reaches the super-sa tu ra tion  faster a s  com pared to the  ciystaUine 

sta te  and  hence the apparen t solubUity a t any point before the sa tu ra tio n  m ay be 

higher. The con tinuous removal of the  dissolved soUd from the  sa tu ra te d  solution 

would avoid the process of reciystaU isation from the  solution. Inability to avoid the 

su p er-sa tu ra tio n  m ay lead to precipitation of the  m ore stab le ciystaUine form and  the 

equiUbrium would reach  w hen the entire am orphous soUd transform s into the
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CiystaUine solid. In th is  scenario the equilibrium  solubility of the am orphous solid 

would be the equilibrium  solubility of the crystalline soHd (Figure 1-12). Hence the 

ability of the  am orphous solid to reach  the sa tu ra tion  faster is  the true  solubUity 

advantage of the  am orphous s ta te  over the ciystaUine counterpart.
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Figure 1-13: Dissolution of am orphous and  ciystaUine form of an  an ticancer drug

(Albano et al., 2002).

The solubUity advantage of am orphous s ta te  h a s  been studied  for m any drugs. A 

com parative d issolution of the  am orphous an d  the ciystaUine form of an  an ticancer 

d rug  is  shown in Figure 1-13 (Albano et al., 2002). The dissolution profile show s 3-4 

tim es improved solubUity of the  am orphous s ta te  over the  ciystaUine state . There are 

several reports about the  increased  solubilization of the  am orphous sta te  e.g. 10 fold 

for novobiocin (Mullins and  Macek, 1960), 2.5 fold for tetracycline (Miyazaki e t al., 

1975) and  1.4 fold for indom etacin  (Imaizumi e t al., 1980). The solubUity advantage 

m easu red  practicaUy h a s  been reported to be considerably lower th a n  predicted using 

the  m easured  therm al properties of a  d rug  e.g. 25-104 fold for indom etacin, 112-1652 

folds for gUbenclamide etc. (Hancock an d  Parks, 2000). The au th o rs  also reported  a  

difficulty in  practicaUy m easuring  the solubility of the  am orphous s ta te  due to 

precipitation of the  s tab le /m etastab le  polym orph (Figure 1-12).
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1.13 B ioavailability and th e  so lu b ility  advantage o f  am orphous sta te

The first and  forem ost aim  of any form ulation sc ien tis t is to achieve the  required  blood 

level of an  active ingredient. Many drugs due to th e ir low aqueous solubility can  pose 

a  significant challenge to obtain  sufficient bioavailability via the  oral rou te  of delivery. 

The above m entioned methodology of u se  of the  am orphous phase  w ith  higher 

ap p a ren t solubility can  be tran s la ted  into high bioavailability, provided th a t  the  

absorp tion  of d rug  is no t lim ited by the  perm eability of d rug  th rough  g u t lum en. 

There is little pub lished  work abou t the  bioavailability advantage of the  am orphous 

phase  over the  crystalline phase. A com parative d isso lu tion  of the  am orphous and  

the  crystalline form of a n  an ticancer d rug  suggested  3-4 tim es im proved solubility of 

the  am orphous s ta te  over the  crystalline state . The im provem ent in solubility of the 

am orphous sta te  is clearly seen in the  bioavailability profile of th is  lipophilic drug 

(Table 1-5) w hen adm in istered  orally by capsu les to dogs.

The solubility advan tages of the  am orphous d rug  do n o t alw ays tra n s la te  into the 

bioavailability im provem ents e.g. lisinopril (ACE inhibitor). The am orphous form has  

15 fold solubility im provem ent a s  com pared to the  crystalline s ta te  of lisinopril 

(Roberts, 2003); a lthough  the bioavailability of the  crystalline an d  the am orphous 

sta te  of the  drug  a s  a  m elt dissolving tab let rem ained  the sam e. The au th o rs  have not 

d iscussed  the  effect of tab letting  on the  am orphous s ta te  of the  d rug  (since 

com paction an d  com pression m ay induce recrystallisation) b u t they have concluded 

th is  to be due to low perm eability of the drug  th rough  the gu t lum en an d  hence poor 

bioavailability.

Form ulation AUCo-oo/Dose 

(ng .h /m l)/(m g/kg)

Tmax

(h)

Cm ax

(ng/m l)

% Bioavailability

Micronized

crystals

29.5±8.3 1.010.0 55117 4

Nanosized

crystals

86.1113.7 1.510.6 142153 11

Am orphous 468187 3.411.9 8741452 61

rV form ulation 766182 NA NA NA

Table 1-5; Pharm acokinetics of an ticancer d rug  in dogs, oral dose lO m g/kg. 

Micronized an d  non-m icronized d rug  adm in istered  a s  su spension , the  am orphous 

form as  a  m ixture w ith lactose in a  capsule  (Albano e t al., 2002), (US p a te n t 6492530).
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Biopharm aceutic c la ssifîca tion  (BCS) o f  drugs

Class I High so lu b ility  -  high perm eability

Paracetam ol, Theophylline.

Class II Low so lu b ility  -  h igh perm eability

Nifedipine, Ibuprofen, Griseofulvin, Ketoconazole, carbam azepine, 

D apsone, Danazole, Troglitazone, GUbenclamide, Atovaquone, 

Furosem ide, Rifampicin, Sulfam ethoxazole, Trim ethoprim ,

Class III High so lu b ility  -  low perm eability

Acyclovir, Cim etidine.

Class IV Low solu b ility  low perm eability

Chlorthiazide

Table 1-6: BCS and  the exam ples of d rugs com ing u n d e r various c lasses (Lindenberg 

et al., 2004).

U nderstand ing  th is  scenario  C lass 11 d rugs (B iopharm aceutic classification system) 

(Amidon et al., 1995) could be generalized to be the  poten tia l cand ida tes for the  u se  of 

the  am orphous form a s  a  m eans of bioavailability im provem ent. There are  least 

chances th a t  the  bioavailability of a  Class 111 an d  C lass IV drugs w ould be im proved by 

u sin g  the am orphous state . Perhaps, d rugs a t  the  borderline of C lass 11/IV 

(Albendazole), an d  C lass l /I l  (Amitryptylline) etc. could also be the  good candidates.
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1 .1 4  Sum m ary

Although accom panied w ith m any advantages, the  am orphous sta te  of actives m ay be 

the  las t choice to be used  in solid dosage form. This is m ainly due to its tendency  to 

form a  m ore stab le crystalline sta te . The stud ies on am orphous s ta te  in 

pharm aceu tica l sector are m ainly focused a round ,

A. The ra te  of crysta llisa tion  of am orphous s ta te  u n d e r different conditions.

B. To identify the  conditions, w hich are  safe for hand ling  and  storage of 

am orphous sta te

C. To stabilize the  am orphous s ta te  of active using  different approaches e.g. solid 

dispersions.

The identification of hand ling  an d  storage conditions (tem perature an d  hum idity) is 

m ainly based  on glass tran sition  tem pera tu re . The recrysta llisa tion  tendency  of the  

am orphous form is linked to the  m olecular mobility. The prediction of the  stability  for 

the  am orphous s ta te  is based  on estim ation  of m olecular mobility an d  a  tem p era tu re  

below w hich there  is no m olecular m obility (K auzm ann tem pera tu re  Tk). It h a s  been 

generally observed th a t  m olecular mobility becom es insignificant a t  tem pera tu re  ab o u t 

50°C below Tg (Tg-50), so th a t  the recrysta llisa tion  can  be avoided over the  shelf life of 

the  product.

The am orphous sta te  can  up take  considerably  m ore am o u n t of w ater a s  com pared  to 

crystalline sta te . The am oun t of w ater up take  depends on the RH of the  conditions to 

w hich the  solid is exposed. The absorbed  w ater can  ac t a s  a  p lasticizer by lowering 

the  Tg of dry sta te . The p lastic isation  effect of w ater fu rth e r com plicates the  

estim ation  of m olecular mobility in the  am orphous sta te  m aking the  prediction of Tk 

unrealistic . M ost of the  techn iques u sed  for charac te risa tion  of am orphous solids lack 

proper control over RH conditions an d  th is  can  induce an  error in  the  estim ation  of Tg. 

The techn iques used  to characterise  am orphous sta te  are  no longer lim ited to 

Differential scann ing  calorim etry (DSC), Powder X-Ray diffraction an d  Dynam ic 

m echanical analysis (DMA). V arious spectroscopic techn iques su ch  a s  IR, NIR, NMR 

an d  Ram an, Dielectric analysis. Therm ally stim u la ted  cu rren t (TSC) analysis are  being 

employed to fu rth e r u n d e rs ta n d  the  am orphous state .
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1 .16  Aim o f  th e  th e s is  work

Use of the  am orphous active in  solid dosage form s is m ainly ham pered  due  to its 

instability  and  tendency to transform  into the crystalline form. The transform ation  is 

fu rth e r accelerated  beyond a  certa in  range of tem pera tu re  and  RH conditions. 

Different su b s tan ces  in their am orphous form exhibit different crystallisation 

tendencies. The aim  of th is  work w as to identify the  conditions of tem pera tu re  and  

hum idity  u n d e r w hich the  m olecular m obility in the  am orphous s ta te  ceases to an  

ex ten t w hich leads to a n  insignificant crystallisation over the  shelf life of a  product. 

The m ajor challenge facing th is  work w as to identify analytical techn ique /  s to study  

the  am orphous s ta te  u n d e r a  variety of conditions of tem pera tu re  an d  hum idity . It 

w as also im portan t to select the  m odel glassy s ta te s  w hich could be u sed  along with 

the  analytical techniques.

The charac te risa tion  of the am orphous sta te  in a  d rug  p roduct su ch  a s  a  tab le t could 

be a ttem pted  by first characterizing  the  am orphous s ta te  of d rug  a s  su ch  an d  th en  in 

com bination w ith o ther excipients or a s  a  drug  product.
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1 .17  M odel su b stan ces used  in  the study

The am orphous s ta tes  of following model su b s tan ces  have been u sed  in the  cu rren t 

study.

1.17 .1  Indom etacin  (B.P. 2002)

Chem ical nam e  

Form ula  

Form ula w eight

Me

•COOH

Cl

OMe

[ 1 - (4-chlorobenzoy 1) - 5 -m ethoxy- 2 -m ethylindol- 3 -yl] acetic acid

C 19H 16CINO4

357.8

A ction  and use  

Preparations

Anti-inflam m atory; analgesic.

Indom etacin C apsules, Indom etacin  Suppositories

Characters

A white or yellow, crystalline powder, practically  insoluble in  w ater, sparingly soluble 

in alcohol.

M elting poin t 158°C to 162°C.

Physical Properties

Indom etacin is know n to exhibit th ree  different crysta l form s, a  stab le y-form (m.p. 

154°C, lO lJ /g m ), a  m eta-stab le  a-form  (m.p. 148°C, 87 .6 J/g m ) an d  a  benzene solvate 

P-form (Kaneniwa e t al., 1985). The am orphous s ta te  of indom etacin  h a s  been widely 

stud ied  by Zografi an d  co-w orkers, it exhibited a  g lass tran sition  tem pera tu re  of 47°C 

(Hancock et al., 1995). According to the  stu d ies  on crysta llisa tion  kinetics of 

am orphous indom etacin  it gets transform ed into the  stab le y-form or m eta-stab le  a- 

form depending on the storage conditions (Andronis e t al., 1997).
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H

C hem ical nam e

Formula 

Form ula w eight 

A ction  and use  

Preparations

Me

MeOOC COOMe

NO.

dim ethyl 2 ,6-dim ethyl-4-(2-nitrophenyl)-1,4-dihydropyridine-

3,5 -dicarboxylate

CiyHigNgOe

346.3

Calcium  an tagon ist 

Nifedipine C apsules

Characters

A yellow, crystalline powder, practically insoluble in w ater, freely soluble in  acetone, 

sparingly soluble in ethanol.

W hen exposed to daylight and  to artificial light of certain  w avelengths, it readily 

converts to a  n itrosophenylpyridine derivative. Exposure to ultraviolet light leads to 

the  form ation of a  n itrophenylpyridine derivative.

M elting poin t 1 7 r C t o l 7 5 ° C .

Physical properties

Nifedipine h a s  been reported  to exhibit th ree polym orphic m odifications an d  four 

different solvates (Caira et al., 2003). The am orphous form of nifedipine exhibited a 

g lass tran sition  tem pera tu re  of 48.6°C (Aso et al., 2000).
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HOCK

OH
HOCK 

HO L
OH

OH
OH

OH

,HpO

C hem ical nam e

Form ula 

Form ula w eight 

A ction  and use

M onohydrate

glucopyranose

C i2H 220 i i ,H 2 0

360.3

Pharm aceutical aid.

of 0-b-D -galactopyranosyl-( l®4)-a-D-

Characters

A white or alm ost white, crystalline powder, freely b u t slowly soluble in  w ater, 

practically insoluble in alcohol.

P hysical properties

Lactose h a s  been reportedly exhibited an  anhyd ra te  form and  a  m onohydrate form. 

The am orphous form of lactose exhibited a  glass tran s itio n  tem pera tu re  of 1 13°C.

Storage

Store in an  a irtigh t container.
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Chapter 2  M aterials and  M ethods
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2 .0  M aterials and M ethods

This section of the  thesis  deals w ith various m ateria ls  an d  m ethods used  for 

generation of the  am orphous sta te  and  various techn iques u sed  to characterise  the  

am orphous state .

2.1 M aterials

M aterial Supplier

Indom etacin (y-form) Sigma

a-Lactose M onohydrate Borculo Whey Products, (UK)

Nifedipine Sigma

Liquid Nitrogen BOC

Lithium  Chloride, LiCl Avocado R esearch Chem icals

M agnesium  Bromide, MgBr2 Aldrich

Sodium  Bichrom ate, Na2 Cr2 0 7 Sigma

Sodium  Iodide, Nal Avocado R esearch Chem icals

M agnesium  Nitrate, Mg(N0 3 ) 2 Avocado R esearch Chem icals

Sodium  Bromide, NaBr Avocado R esearch Chem icals

Copper Chloride, CuCL Avocado R esearch C hem icals

Potassium  Iodide, KI Avocado R esearch Chem icals

Sodium  Nitrate, NaNOs Avocado R esearch Chem icals

Sodium  Chloride, NaCl Avocado R esearch Chem icals

Potassium  Chloride, KCl Avocado R esearch Chem icals

Po tassium  Nitrate, KNO3 Avocado R esearch Chem icals

Potassium  Sulphate , K2 SO4 Avocado R esearch Chem icals

M ethanol BDH

E thanol BDH

n-Propanol BDH

Dim ethyl form am ide BDH

Herm etic and  non-herm etic  sealable 

a lum in ium  pan s

Perkin Elm er
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2 .2  G eneration o f  am orphous so lid  sta te

The various m ethods which, could be u sed  for generation  of the  am orphous sta te  have 

been described briefly in section 1.4. In th is  work am orphous s ta te  w as generated  

using  quench-cooling of liquid m elt (detailed in 1.4.1) for indom etacin  an d  nifedipine 

w hereas by spray drying (detailed in  1.4.2) w as u sed  for lactose from aqueous 

solution.

2 .2 .1  Preparation o f am orphous in d om etacin

A bout 4-5 gm crystalline indom etacin  (y-form), w as placed in a  porcelain furnace 

w hich w as th en  hea ted  over a  wire gauge using  a  b u n sen  bu rner. The viscous, bright 

yellow an d  clear liquid indom etacin  m elt w as th en  poured  drop-w ise into a  flask 

contain ing  liquid n itrogen w hich to obtain  yellow glassy beads of am orphous 

indom etacin. G lassy indom etacin  w as th en  im m ediately tran sferred  into an  evacuated 

desiccator contain ing  P 2 O 5  to remove trapped  m oisture. The dry am orphous solid 

beads were ground  lightly using  a  m orta r and  pestle an d  th en  passed  gently th rough  a 

250# sieve (<350p). The am orphous powder of indom etacin  w as again  dried over P 2 O 5  

and  stored a t  -70°C u n til it w as used  for fu rth e r experim ents. The am orphous solid 

p repared  in th is  m anner lasted  for 2-3 m on ths after w hich fresh  am orphous solid w as 

prepared. Every tim e the bottle containg  am orphous solid w as tak en  ou t it was 

equilibriated a t room tem pera tu re  to avoid m oisture  u p tak e  from the  atm osphere .

2 .2 .2  Preparation o f am orphous la cto se  by spray drying o f  aqueous so lu tion

Param eter S ettin g  value

Inlet tem pera tu re  (°C) 125

O utlet tem pera tu re  (°C) 78

Feed ra te  (mL/min) 2

P ressure  (bar) 3

Solution concen tration  (% w/v) 10

Atomizer a ir flow ra te  (norm liter/h) 400

Table 2-1: Spray drying param eters  for the  p repara tion  of am orphous lactose.

About 50g of lactose m onohydrate w as dissolved in purified w ater (500 ml) to obtain  a  

10% w /v  solution. The aqueous so lu tion  of lactose w as th en  spray  dried using  a 

B uchi 190 m ini spray  d iyer (Buchi, Switzerland). The techn ique w as completely 

estab lished  for th e  p roduction  of the  am orphous s ta te  of lactose (Chidavaenzi et al., 

1997). The spray  drying p aram eters  u sed  are  given in Table 2-1. The am orphous
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lactose w as collected from the  p roduct collecting vessel an d  transferred  to a  desiccator 

contain ing  P2 O5 , w hich w as th en  dried u n d e r evacuation  for 24h. The am orphous 

s ta te  of powder w as confirm ed from lack of sh a rp  peaks in X-ray powder diffraction 

pattern .

The am orphous lactose p repared  by the above m entioned  m ethod w as u sed  for 

m easu rem en t of w ater up take  by DVS, studying  w ater induced tran s itio n s  by TAM 

and  estim ating  the g lass transition  using  IGC.

2 .2 .3  Preparation o f  am orphous nifedipine

The am orphous nifedipine w as p repared  by two m ethods, by quench  cooling of liquid 

m elt and  by spray drying of ethanolic solution.

2 .2 .3 .1  Q uench coo ling  o f  liquid m elt

The am orphous s ta te  of nifedipine w as generated  by u sing  the sim ilar m ethod to th a t 

described for the  am orphous indom etacin, am orphous solids were used  w ithout 

grinding (2.2.1). The am orphous n a tu re  w as confirm ed by XRPD a n d  DSC analysis 

an d  th en  w as u sed  for NIR studies.

2 .2 .3 .2  Spray drying o f  eth an o lic  so lu tion

Spray drying from the  ethanolic solution of nifedipine w as perform ed u sing  SO 

MICRO™ spray dryer. (Niro A /S , Denm ark) w ith Meixigas Nitrogen generator. Briefly, 

2.9gm  of nifedipine w as dissolved in  170 ml of e thano l to w hich 20 ml of w ater w as 

added. The ethanolic  solution w as th en  spray dried to u sin g  dry nitrogen s tream  as  a  

carrier gas w ith w ith following optim ized param eters.

Atomizer gas flow 2 .0 k g /h

C ham ber inlet flow 20.0 k g /h

Inlet tem pera tu re  69.0°C

C ham ber tem pera tu re  48.0°C

The solids were collected from the  collection pot only an d  th en  dried u n d e r vacuum  for 

12h; the  am orphous sta te  w as confirm ed u sing  DSC. The am orphous solids were 

stored a t -20°C u n til fu rth e r analysis. The am orphous n a tu re  w as confirm ed by XRPD 

an d  DSC analysis an d  th en  w as used  for DVS studies.
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2 .3  Preparation o f  saturated sa lt so lu tion s for m aintain ing sp ec ific  RH 

con d ition s

A salt w as added  into distilled w ater m ain ta ined  a t  60°C u n d e r con tinuous stirring  to 

obtain  a  sa tu ra te d  solution; w ater tem pera tu re  (60°C) an d  c o n stan t s tirring  w as 

m ain ta ined  using  a  h o t plate w ith m agnetic s tirring  facility. The sa tu ra te d  salt 

so lution w as th en  cooled down to am bien t tem pera tu re  and  poured  into a  glass 

desiccator. The vapour p ressu re  of pure  w ater w as lowered due to the  dissolved salt. 

Each  salt due to different sa tu ra tio n  solubility lowered the  vapour p ressu re  of pure 

w ater to a  different ex ten t an d  hence produced  a  different RH atm osphere  in the  

sealed desiccator. The RH value produced by each  sa lt solution w as reported  by 

(Nyqvist, 1983) an d  is show n in Table 2-2.

Salt Tem perature (°C)

2 0 X 25°C 30°C

Lithium  Chloride, LiCl 11.3 11.3 11.3

M agnesium  Bromide, MgBr2 30.8 30.7 30.4

Sodium  Bichrom ate, Na2Cr20? 54.8 54.4 54.0

Sodium  Iodide, Nal 39.5 38.2 36.1

M agnesium  Nitrate, Mg(N0 3 ) 2 54.5 52.8 51.5

Sodium  Bromide, NaBr 59.5 57.5 56.0

Copper Chloride, CuCb 67.7 68.0 69.0

Potassium  Iodide, Kl 69.9 68.9 67.8

Sodium  Nitrate, NaNOs 75.4 74.2 73.1

Sodium  Chloride, NaCl 75.5 75.3 75.1

Potassium  Chloride, KCl 85.1 84.3 83.6

Potassium  Nitrate, KNO3 94.6 93.7 92.5

Potassium  S ulphate , K2 SO4 97.6 97.3 97.0

Table 2-2: The relative hum idity  values of the  sa tu ra te d  sa lt so lution (Nyqvist, 1983).
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2 .4  H um idity treatm en t

About 50-55 mg of am orphous indom etacin  w as weighed in  a  clear g lass vial and  

placed into desiccator pre-equilibrated  w ith sa lt so lution a t am bien t tem pera tu re  

(taken as  25°C) for abou t 24h. A m orphous solid sam ples w ith sorbed w ater were then  

tak en  o u t and  quickly sealed in to  herm etically  sealed a lum in ium  p an s  a n d  then  

stud ied  using  Hyper-DSC a s  described in  section 2.5.3.

Sim ilar s tud ies were perform ed using  am orphous nifedipine (spray dried) b u t w ith 

am ber coloured glass vials and  6h  of equilibration tim e, after w hich the  sam ples were 

stud ied  using  Hyper-DSC.
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2 .5  Differential scanning calorim etry (DSC)

DSC is u sed  m ainly to s tu d y  tran s itio n s , chem ical an d  physical, in d u ced  in  a  sam ple 

d u e  to h ea tin g  trea tm e n t. DSC is th e  modified version  of differential th e rm a l an a ly sis  

(DTA) w hich  is b ased  on observing tem p era tu re  difference betw een th e  sam ple an d  the  

reference p an  (tem p era tu re  of th e  sam ple rem a in s  c o n s ta n t u n til the  change in  sam ple 

is com plete). DSC observes h ea t flow ch an g es in a  sam ple  a s  it is hea ted . The 

in s tru m e n ta tio n  available is b ased  on two princip les; one is h e a t flux (single h ea tin g  

furnace) an d  second is pow er com p en sa tio n  (separate  h ea tin g  fu rn ace s  for sam ple  an d  

reference sides). For all th e  w ork done in th is  w ork P y ris -1 DSC (Perkin-Elm er) w as 

u sed  w hich o p era tes  on th e  pow er co m p en sa tio n  principle.

Sample

^ v s a a a ::!

-- /S /V v V V

Platinum
.sënsors..,^^

Reference

- V W W \ _ _

Individual
H eaters

Figure 2-1: A sch em atic  rep resen ta tio n  of pow er com p en sa tio n  DSC tech n iq u e

(R eproduced from  P erk in -E lm er u s e r  m anual).

The P y ris-1 DSC involves, two sep a ra te  fu rn aces  (for sam ple  a n d  reference pan) h ea ted  

w ith  sep a ra te  h ea tin g  re s is to rs  (Figure 2-1); two sep a ra te  p la tin u m  se n so rs  to detec t 

th e  tem p era tu re  of the  sam ple  an d  reference p an s . The tem p e ra tu re  d e tec to rs  an d  the  

h e a te rs  in te rac t in a  way th a t  allows the  tem p e ra tu re  of b o th  sides to be k ep t th e  sam e 

(therm al null) a t  any  tim e d u rin g  the experim ent; th is  is achieved by supply ing  

differential pow er to each  fu rnace . D ata is p re sen ted  in the  form  of differential h ea t 

supp lied  to th e  sam ple  side in order to keep the  tem p e ra tu re  th e  sam e a s  th e  reference 

side. D uring  an y  en d o th erm ie  change, h ea t is tak en  in to  the  sam ple  an d  ex tra  power 

is supp lied  to th e  sam ple  side; w h ereas  d u rin g  an  exotherm ic change  h e a t is liberated  

from  th e  sam ple  an d  hence less pow er is supp lied  to the  sam ple  a s  com pared  to th e  

reference side.

The sam ple is ch a rac te rised  u sin g  DSC w ith  re sp ec t to tem p e ra tu re  a n d  h e a t of the  

th e rm a l tran s itio n , e.g. m elting  tem p e ra tu re  (Tm) a n d  h e a t of fusion  (AHf) asso c ia ted  

w ith  m elting of th e  crysta lline  solid. DSC can  also  be u sed  to m easu re  specific h ea t 

capacity  of the  su b s ta n c e  (Cp). The ch a rac te risa tio n  of the  am o rp h o u s  s ta te  u s in g  DSC 

is b ased  on es tim atio n  of th e  g lass tran s itio n  te m p e ra tu re  (Tg) obseiwed a s  a  ju m p  in



68

specific h ea t capacity  (ACp). In th e  p h a rm aceu tica l a ren a , DSC h a s  been  very usefu l 

in ch a rac te risa tio n  of po lym orphs w ith re sp ec t to form  p u rity  a n d  stab ility  (Byrn e t al., 

1999).

In stead  h ea tin g  th e  sam ple in a  norm al tem p e ra tu re  ram p  it could also  be h ea ted  w ith 

tem p e ra tu re  m o d u la tio n s  (i.e. a lte rn a te  h ea tin g  an d  cooling steps) u s in g  m odu la ted  

tem p e ra tu re  differential scan n in g  calorim etry  (MTDSC) (Craig an d  Roy all, 1998). This 

h ea tin g  p rogram m e can  sep a ra te  th e  overlapping th e rm a l even ts su ch  a s  re laxations 

(irreversible events) from g lass tran s itio n  (reversible event) in a  single h ea tin g  scan. 

The sam e inform ation  can  also  be o b ta ined  u s in g  a  h ea tin g  p rogram m e involving s tep s  

of h ea tin g  an d  iso th erm al cond itions (Figure 2-2) (Merzlyakov an d  Schick , 2001).

2 .5 .1  StepScan DSC analysis

21.662

Heat flow 
Tem perature60 - 21.4

5 8 -O

u  5 6 -

Ü 54-
a
0  5 2 -

20 .

20.6

5 0 - 20.4

4 8 - 20.2

22 24 26 28 30 32 34 36

XO)
r-h

?

T im e (m in.)

Figure 2-2: T em p era tu re  p rogram m e u sed  in S tep S can  DSC, co n sis tin g  rep etitio n s  of 

a lte rn a n t s tep s  of h ea tin g  a n d  iso th erm al trea tm e n t; along w ith  th e  correspond ing , 

u n tre a te d  h e a t flow.

The S tepS can  w as u n d e r ta k e n  u s in g  Fyris-1 DSC (Perkin-Elm er). A bout 5-7 m g of 

sam ple  w as tak en  in non-herm etically  sealed  a lu m in iu m  p an s; s ta rtin g  from  10°C 

sam ple  w as h ea ted  in s te p s  of 1°C a t  th e  ra te  2 °C /m in  a n d  th e n  held  iso th erm al a t 

each  step  for 0 .5  m in, th is  w as repea ted  60 tim es, to get a  scan  from 10 to 70°C. D ata 

o b ta in ed  w as p ro cessed  by softw are provided by Perkin-E lm er. The g lass tran s itio n  

re sp o n se  w as recorded  from  the  therm odynam ic Cp line (as a  reversib le transition).
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The en thalpy  relaxation w as calculated  by in tegrating  the p a rt of IsoK baseline, 

corresponding to g lass tran sition  tem pera tu re  range. Calibration of DSC for 

tem pera tu re  an d  en thalpy  w as u n d ertak en  u sing  ind ium  as a  s tan d a rd  a t 2°C /m in  

heating  rate. Nitrogen w as used  a s  a  purge gas a t  20 m l/m in .

2 .5 .2  H eating rate dependence o f  the glass tran sition

About 5-7 mg of am orphous indom etacin  w as tak en  in to  non-herm etically  sealed pan s 

and  heated  a t various scann ing  ra te s  (10, 50, 100 an d  400°C) u n d e r a  purge of 

nitrogen gas (20 m l/m in .). DSC w as calibrated  for tem pera tu re  an d  en thalpy  a t 

individual scann ing  ra te  using  ind ium  as  a  standard .

2 .5 .3  Hyper-DSC analysis

A bout 3-5 mg sam ple w as placed in the  a lum inium  p a n  a n d  th en  scanned  from -50 to 

250°C a t 300°C /m in  u sin g  the  Pyris 1 (Perkin-Elmer), w hich w as previously calibrated  

a t sam e ra te  u sing  Indium . Nitrogen w as used  a s  a  purge gas a t flow ra te  20 m l/m in . 

S tud ies involving the effect of sorbed w ater on the g lass tran sition  of the  am orphous 

s ta te  were perform ed using  herm etically sealed p a n s , for all o ther s tud ies non- 

herm etically sealed p an s  were used.

Hyper-DSC analysis w as used  to characterise  the  am orphous solids p repared  by 

various techn iques also it w as u sed  to s tudy  the  effect of sorbed w ater on the  glass 

tran sition  tem pera tu re  of am orphous indom ethacin  a n d  nifedipine. It w as also used  

to characterise  the  am orphous solids after tesing for DVS, TAM and  IGC.

In the  case of s tud ies  on p lasticisation  of am orphous s ta te  by sorbed w ater (section 

3.3) Hyper-DSC analysis w as perform ed in triplicate for each  hum idity  point.
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2 .6  Isotherm al m icrocalorim eter

W hereas the sam ple is scanned  over a  range of tem pera tu re  using  DSC, the 

isotherm al m icrocalorim etiy involves recording heat flow from the sam ple by holding it 

a t co n stan t tem perature.

2 .6 .1  Principle

Almost all changes in  the universe are accom panied w ith heat exchange. Exotherm ic 

change takes place w ith the  release of heat, w hereas endotherm ie change is associated  

w ith in take of heat. These changes are defined on the  basis  of two relative term s, the  

system  where ac tual p rocess or processes take place an d  the su rrounding  in  which 

the system  is in  therm odynam ic equilibrium . Exotherm ic processes are accom panied 

w ith a  rise in tem perature  of the  system  w hereas, endotherm ie processes w ith a  drop 

in  tem perature. If the  su rround ing  is m ain tained  a t a n  isotherm al tem pera tu re , any 

change in tem perature  of the  system  will lead to a  tem pera tu re  g rad ien t betw een the 

system  and  the surrounding . Isotherm al m icrocalorim etiy is based  on h e a t flow or 

hea t leakage principle where, the heat produced in a  therm ally defined vessel flows 

away in  an  effort to estab lish  the therm al equilibrium  w ith its  surroundings; 

iso therm al calorim etry m easu res the h ea t exchanged (Figure 2-3). Applications of th is  

technique have been reviewed for pharm aceutical developm ent (Buckton e t al., 1999; 

B uckton and  Darcy, 1999).

Heat
s in k

Heat
s in k

M easuring
cup

Heat
flow

T herm opile T herm opile

Figure 2-3: The channelling and  detection of h ea t flow th rough  therm opile b lankets 

(Peltier element) in  TAM (Reproduced from TAM M anual).
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2 .6 .2  Instrum entation

In all the  stud ies perform ed in  th is  work a  Therm al activity Monitor TAM (2277, 

Therm om etric AB, JarfaUa, Sweden) w as used. Therm al stability w as achieved by 

utilizing a  25 litre w ater therm osta t w hich su rrounded  the  reaction / m easuring  vessel 

and  acted  a s  an  infinite hea t sink  (Figure 2-4) (Thermometric AB, 1985).

T h e r m o s t a t e d  
water bath

Calorimetric 
unit

Heat sink

vessel

Calibration 
résister

I tU 1

water bath 
temperature controli

Figure 2-4: Outline of the  functional design of TAM.

Reactions could be stud ied  w ithin 5-80°C, the working tem peratu re  range of 

therm ostat. Up-to four individual m easuring  vessels could be housed  in the w ater 

therm ostat, where they are m ain tained  a t a  tem pera tu re  constan t to w ithin ±10 '’°C; 

th is  allowed fractions of m icrow atts to be m easu red  accurately. Each m easuring  

cylinder w as sufBciently isolated from o thers to a ssu re  th a t the m easu rem en ts in  each 

cylinder were independent of each  other. This facility could allow four different 

m easu rem en ts or reactions to be stud ied  a t a  tim e. Heat exchange (between sam ple 

an d  sink) w as channelled  th rough  extremely sensitive therm opile b lanke ts  (Figure 2- 

3), the Peltier elem ents. Peltier elem ents along w ith a  m etal hea t sink form ed the 

m ain  h ea t m easuring  device or m easuring  cup  an d  could respond  to tem peratu re  

g rad ien ts of less th a n  one m illionth of a  degree Celsius. The ac tu a l h ea t m easurem ent 

w as based on the Twin m easuring  principle’. This m ean t th a t each  m easuring  

cylinder constitu tes two m easuring  cu p s  (Figure 2-4). In the  first cup, the  sam ple 

containing am poule w as positioned, w hereas in  the  second, the  reference am poule w as
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lowered. In each  m easuring  cup, two Peltier elem ents were connected in  series b u t in  

opposition so th a t the re su ltan t signal represented  a  difference in  h ea t flow from the 

two m easuring  cups. These detectors convert h e a t energy into a  voltage signal 

proportional to h ea t flow an d  resu lts  were p resen ted  a s  a  m easure  of therm al energy 

exchanged by the  sam ple per u n it time. Q uantification of the  resu lts  w as performed 

by using  electrical calibration where a  know n power value (or current) w as passed  

th rough  the built in precision resistor. The calibration resistor w as integral with 

m easuring  cup to sim ulate a s  n ea r as  possible the position of reaction. This ensured  

th a t ou tp u t from the detector would be a s  n ea r a s  possible, identical w hen the  sam e 

power is  d issipated  from the  resisto r a s  from the  sample.

D ifferential
am plifier

Peltire
elem en ts

Figure 2-5: Twin m easuring  principle of TAM for the  detection of h ea t flow.

The amplifier w as connected to each  channel covering the  m easurem ent range to be 

selected betw een 3-3000pW . Amplification w as done by sending the  signal from 

m easuring  cup th rough  an  amplifier to the  com puter where, d a ta  were collected and  

p resen ted  via Digitam 4.1 for Windows® u se r interface (operating software).
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2 .6 .3  Experim ental

The different se t-u p s u sed  included closed system  (batch iso therm al m icrocalorim etry) 

and  open system  (isotherm al RH perfusion m icrocalorim etry).

2 .6 .3 .1  B atch Isotherm al M icrocalorim etry

For all the  s tud ies  3 ml g lass am poules were employed for bo th  sam ple side an d  the 

reference side. In each  case the  reference am poule w as set u p  to m atch  the  sam ple 

am poule as  closely a s  possible. About 30-40 mg of sam ple in  the  g lass am poule w as 

exposed to the  vapour p ressu re  of m ixture of solvents, ethanol; propanol (1:1) by 

placing a sm all tube  contain ing  those solvents in to  the  g lass am poule. Sam e am o u n t 

of solvent contain ing tube  w as placed into the reference am poule. Each am poule w as 

th en  plugged using  Teflon bung  an d  th en  sealed w ith  an  alum in ium  cap. The 

am poule w as th en  h u n g  on a  lifter w ith the  aid of a  lifting loop an d  th en  lowered to the 

equilibrium  position of into the TAM which, w as previously equilibrated  to the  

experim ental tem pera tu re . Am poules were lowered to the  m easu ring  position after 10 

m inu tes of equilibration. H eat flow w as recorded righ t from the  equilibration position. 

All the  experim ents were carried  ou t a t 25°C.

2 .6 .3 .2  Isotherm al RH Perfusion M icrocalorim etry

Relative vapour p ressu re  in the  sealed am poule of the  ba tch  m icrocalorim etiy  could 

no t be varied. This lim itation could be overcome w ith a  2250 Micro Reaction RH 

perfusion insertion  assem bly (Therm ometric AB, Jarfa lla , Sweden) (Figure 2-6). The 

RH perfusion assem bly w as prim arily designed to control the  vapour p ressu re  of w ater 

(%RH) b u t could also be u sed  w ithout any m odification w ith m any organic solvents 

preferably alcohols. The perfusion assem bly w as lowered in  the  TAM channel which, 

allowed the  m easu rem en t of the  h ea t flow as  the  vapour p ressu re  of the  solvent w as 

varied.

The relative hum idity  in  the  4 ml steel am poule w as regulated  w ith the flow of dry 

Nitrogen gas. The m ainstream  of the  gas flow w as divided into two stream s, each 

passing  th rough  the m ass flow controller (B ronkhorst Hi-Tech, N etherlands) 

individually. One stream  of the  gas (Figure 2-6) flows along the  cen tral sh a ft of the 

perfusion u n it and  opens directly into the  steel am poule (4ml) w hich, could be 

described as  the  dry flow. The o ther stream  of the  gas w as p assed  th rough  two 

hum idifying cham bers and  sa tu ra te d  w ith vapours of the  solvent stored into the  

cham ber, finally opening into the  steel am poule. The ratio  and  the  flow ra te s  of the  

gases flowing th rough  each  stream  could be varied using  m ass  flow controllers to
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produce the required %RH in the sam ple steel am poule. Normally flow rates of 5-200 

m l/m in  could be achieved with the flow controllers. Condensation of the solvent 

vapours in the gas was avoided by m aintaining the outlet tem perature slightly higher 

th an  the am bient tem perature. This was done by using  a heater a t the outlet of the 

perfusion unit. The perfusion un it could be controlled using the Digitam software 

with the flow switch module installed in the 2280 TAM accessory interface 

(Thermometric AB, Jarfalla, Sweden).

G as outlet <
(from  rru in  luDo)

Water

Water

X < Gas inlet to humidifiers

Opicnai f tovv
Switctjing VaM) by
OgtTAM

Dry g a s  inlet (0% RH)

Ampoule lid. con ed  x 

0% RH input...

4 ml ampfoule '

Humidifier
chamber

Humidifier
cham ber

100% RH input

Sam ple

Figure 2-6: The schem atic of Vapour perfusion un it by Therm om etric (Sweden).

For all the experim ents the flow rate of the dry gas w as set to 100 m l/m in  using m ass 

flow controllers. Humidifying wells were filled with SOOpl of the solvent. Dry sample 

was weighed (30-40mg) in the steel am poule and sealed using the perfusion unit. 

Experim ents were designed as described in TAM Technical Note 012 (Thermometric 

AB, 2000a). The empty steel am poule w as used on the reference side.

In the step ram p %RH was increased in steps and kept constan t before going to the 

next step. During the continuous ram p experim ents, %RH was increased 

continuously at the fixed rate  (3%RH/h). Before initiating the hum idity ram p, the
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sam ple w as dried u n d e r the  flow of dry gas which, w as followed by observing the  hea t 

flow response. C ontinuous ram p  experim ents were perform ed a t  different 

tem pera tu res  (25, 35 an d  40°C). For th is  purpose  the  w ater b a th  tem pera tu re  and  the 

system  settings for the  T herm ostat were changed appropriately. %RH tem peratu re  

corrections were done au tom atically  a s  explained in the  TAM Technical Note 013a 

(Therm ometric AB, 2000b). The sam e assem bly w as u sed  w ith different alcohols 

(m ethanol, e thano l and  n-propanol) in stead  of w ater in  the  hum idifying wells to 

control the  solvent vapour p ressu re  in the steel am poule.

2 .6 .4  Calibration for th e  heat flow

E ach channel w as calibrated  w hen the  am plifier se ttings were changed  or w hen the 

TAM w as sw itched off. Calibration for ba tch  experim ents w as perform ed separately  

using  a  solvent tube  in  the  em pty am poule a t bo th  sides of the  calorim eter channel 

(sam ple and  reference side). Calibration for the  perfusion experim ent w as perform ed 

as  a  p a rt of the  com plete experim ent, during  the  post d iy ing stage and  before the 

ac tua tion  of the  ram p. Two glass am poules (batch calorim etry) or two steel am poules 

(perfusion experim ents) were lowered to  the m easu ring  position of the  TAM calorim eter 

channel. After equilibration (steady baseline) the  signal w as ad ju sted  using  the  Zero 

dial to get the  baseline signal a t 0.000±0.100 pW. At th is  po in t an  exact am oun t of 

h ea t w as generated  using  a  specific c u rre n t th rough  the  channel resis to r (described in 

section 2.6.2). The h ea t in p u t w as recorded a s  an  exotherm ic response by Digitam 

w hich th en  settled  a t a  pa rticu la r h e a t flow value. This response w as ad ju sted  to the 

correct value (±0.100 pW) by m eans of fine ad ju sting  dial. Once the signal w as 

ad ju sted  to the  required  value, the  c u rren t th rough  the  resis to r w as sw itched off 

allowing the signal to re tu rn  to the  baseline. The signal w as ad ju sted  again  to 

O.OOOtO. 100 pW using  the Zeroing dial.

2 .6 .5  V alidation o f  RH perfusion m ass flow controllers

The validation of m ass  flow controllers is required  in  order to check accuracy  of the 

RH generated  in the  steel sam ple am poule of the  perfusion  u n it (Buckton, 2000). The 

validation w as perform ed by placing a  sm all tu b e  contain ing  a  sa tu ra te d  sa lt solution 

in the  steel am poule. The two hum idifying cham bers were filled w ith purified w ater 

(500 pi each). The gas flow w as sw itched ‘off completely; the  perfusion  u n it w as th en  

lowered to the  m easu ring  position an d  the h ea t flow w as se t to the  ‘zero’ position. The 

RH w as th en  set to a  value reported  a s  an  ‘equilibrium  RH’ generated , for the  salt 

solution (e.g. 75.3%  if sa tu ra ted  NaCl w as used), after w hich the  gas flow w as 

sw itched ‘o n ’. The h ea t flow w as settled  to an  endotherm ie or exotherm ic value 

depending on the  RH generated  by the  carrier gas over the  sa lt solution in a  steel 

am poule. The RH value w as th en  increased  or decreased  in a  stepw ise m an n er (1%
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each  step) un til the  h ea t flow crossed  the zero value. The h ea t flow would settle to a  

value a t ‘zero’ only if the RH of the  gas flow w as equal to the  equilibrium  RH generated  

for the  particu la r sa lt solution.

For each  validation experim ent perform ed using  NaCl sa tu ra te d  sa lt solution, the  h ea t 

flow w as settled  to ‘zero’ a t 75±1%RH, indicating the  proper functioning of the  m ass 

flow controllers.
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2 .7  So lu tion  calorim etry

W hen a  su b stan ce  (A) is added to su b stan ce  (B) som e h ea t is e ither released or 

absorbed  depending on the n a tu re  of the  in teraction  betw een the two substances. 

W hen su b stan ce  A is solid an d  B is some solvent (e.g. water) in  w hich su b stan ce  A is 

soluble, th en  the  h ea t released or absorbed  is called a s  the  ‘en thalpy  of so lu tion’, 

w hereas in the  case of d ispersion processes (solid d ispersed  into liquid) the  h ea t 

exchanged is called as  the  ‘en thalpy  of d ispersion ’.

The process of solubilization of solids could be viewed a s  breaking of in term olecular 

bonds holding the  lattice in a  solid and  form ation of the  new bonds betw een solvent 

an d  solid m olecules. Since different polym orphs are  associated  w ith different lattice 

energy they would possess different enthalpy of solution. The en thalpy  of solution 

m easu red  carefully could be very useful to estim ate  d isordered  p a rts  (am orphous 

regions) in the  crysta l lattice (Pikal e t al., 1978). The Solution Calorim etry h a s  been 

dem onstra ted  to be usefu l in estim ation  of very low levels of am orphous regions in the  

predom inantly  crystalline s ta te  (Hogan and  B uckton, 2000).

2 .7 .1  Instrum entation  and techn iqu e

Therm om etric 2225 Precision Solution Calorim eter (Therm om etric AB, Jarfa lla , 

Sweden) w as used  for all solution calorim etry experim ents. The solution calorim eter 

w as u sed  w ith a  very high stability  (±0.0001°C) w ater b a th  of the  Therm al Activity 

M onitor (TAM, Therm om etric 2227). The m ain  calorim eter co n stitu tes  th ree  prim ary 

com ponents, a  calorim eter u n it Figure 2-7, a  calorim eter cylinder in w hich the  un it 

w as m ounted  during  the  experim ent and  a  solution calorim eter m odule to link the 

calorim eter to the  com puter.

The calorim eter u n it consists of a  reaction vessel (100 ml. Pyrex glass) and  a  m otor 

driven s tirre r  un it. In the  g lass vessel, a  therm isto r and  a  h ea te r were perm anently  

m ounted  descending  from the  top of the  vessel. A sapph ire  breaking  tip w as m ounted  

on a  pin a t  the  bottom  of the  vessel. The stirre r system  consisted  of a  m otor an d  a  

gold s tirre r  (which also function a s  a  holder for g lass am poule). The s tirre r system  

holding the  sam ple am poule w as inserted  into the  reaction vessel a n d  w as m ounted  on 

a  spring  to function a s  a  plunger. The entire  system  w as p u sh ed  down a t  a  point 

d u ring  the  experim ent where a n  am poule w as to be broken. The am poule breaking led 

to release of its con ten ts  into the  solvent and  the  h ea t w as exchanged. The n a tu re  of 

in teraction  betw een the solvent and  am poule con ten ts  governed the  h ea t exchange 

an d  ultim ately  led to the rise or fall in the  tem pera tu re  of the  vessel. The tem pera tu re  

offset w as m easu red  by a  therm isto r an d  could be transform ed  into h ea t of the
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reaction by using the electric calibration (passing known am ount of cu rren t through 

the heater and m easuring the tem perature offset).

Figure 2-7; The solution calorim eter un it by Thermom etric.

The entire system  could be operated between 0-90°C th a t m eans the m easurem ents 

could be performed at different tem peratures. The data  collection was performed 

using the ‘Software for Solution Calorimeter System ' version 1.2.

2 .7 .2  Experim ental

About 130-160 mg of the diy sample was weighed accurately in a glass ampoule, 

which was then  plugged with a silicone bung and sealed w ith m olten bees wax. The 

sealed am poule was then  loaded into the stirrer un it of the calorim eter which was then 

inserted into the glass vessel containing 100 ml of the solvent. The combined un it was 

then  lowered into the solution calorim eter channel of TAM to the equilibration 

position. The stirrer speed w as ad justed  to 600 rpm. The heater was switched ‘on ’ to 

heat the conten ts of the glass vessel to approxim ately 50-60 mK higher th an  the 

experim ental tem perature  and then  switched ‘off. The tem perature  was then  allowed 

to settle by following the s tandard  deviation (SD) in the tem perature values. The 

am poule break experim ent w as started  when the SD w as u n d er lOpK.

The first part of the experim ent consisted of electrical calibration during which lOJ 

were introduced over the duration  of 20 sec. The second p a rt consisted the actual 

breaking of the am poule by lowering the stirrer un it by a  plunger which led to the
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release of the  am poule con ten ts in to  the  solvent followed by dissolution. The th ird  

p a rt consisted  of a  second electrical calibration  w ith the  sam e p aram eters  a s  the  first 

calibration. The tem pera tu re  offset w as constan tly  recorded a t  each  event including  

two calibration events and  the am poule breaking  event. The h ea t of solution w as 

calcu lated  using  the  ‘Software for Solution Calorim eter System ’version 1.2.
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2 .8  Vapour sorption  analysis

This is a  gravim etric technique an d  constitu ted  m onitoring the  change in  sam ple 

weight by exposing it to controlled relative hum idity. It is based  on the  fact th a t  w hen 

the sam ple is exposed to a  relative hum idity  (%RH) condition it w ould abso rb  or 

desorb  w ater vapours which would be directly reflected in the  change in  weight of the 

sam ple. Initially, the  w ater sorption stud ies were u n d e rtak en  by exposing the  sam ple 

to a  range of %RH conditions generated  u sin g  sa lt so lutions an d  recording the 

equilibrium  w ater up take. These stud ies were u sed  prim arily to determ ine the 

hygroscopicity of the  sam ple (Kuroda a n d  Nakagaki, 1963) an d  detecting the  least 

hygroscopic salt. A sorption-desorption iso therm  can  give usefu l inform ation of the 

sam ple abou t the  surface a rea  (from the  BET plot) an d  the  en thalpy  of sorption 

process. Dynam ic V apour Sorption (DVS) h a s  been adap ted  to s tudy  the  weight 

change con tinuously  in  order to obtain  the  inform ation which otherw ise would be lost. 

Recently vapour sorption h as  been coupled w ith n ea r infra red  spectroscopy (NIR) to 

study  the  physical s ta te  transfo rm ations in am orphous solids (Lane and  B uckton, 

2000 ) .

2 .8 .1  The DVS T echnique

The vapour sorption stud ies done in th is  work utilized the  Dynam ic V apour Sorption 

(DVS) a p p a ra tu s  by Surface M easurem ent System s (SMS, London, UK). A schem atic 

of the  in s tru m en t is shown in Figure 2-8. It consisted  of identical sam ple and  

reference p an s  (made up  of quartz  glass), hanging  on two sides of the  C ahn 

m icrobalance (Limit of detection t lx lO  ^mg). The whole assem bly  w as housed  inside 

g lassw are w ithin w hich the %RH could be controlled. An accu ra te  control over the 

%RH w as achieved by using  two m ass  flow controllers (MFC). The flow rate  an d  the 

proportion of dry and  m oist gas were controlled by the MFCs. The en tire  system  

(m icrobalance an d  the  glassware) w as kep t in an  incubato r w here accu ra te  

tem pera tu re  control could be achieved. Hum idity and  tem pera tu re  p robes were 

positioned close to the  sam ple and  the reference p an s  to give a n  independen t reading 

of the  system  perform ance. The exact control over th e  experim ental conditions 

(tem perature  a n d  the %RH) could be achieved via a  com puter u sin g  the  T)VS-1’ 

software (SMS, UK), w hich w as also u sed  for the  d a ta  collection.

2 .8 .2  Experim ental

A bout 40-50m g of sam ple w as loaded into the sam ple pan , w hereas an  em pty p an  w as 

u sed  as  a  reference. Before loading the sam ple the  tem pera tu re  of the  in cubato r w as 

ad ju sted  to the  required  value. A typical DVS experim ent consisted  of th ree  parts . In
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the first p a rt sam ple w as dried u n d e r 0%RH (dry gas flow) for about 3-4h. In the 

second part sam ple w as exposed to increased hum idity  conditions for an  extended 

period of tim e an d  in the  th ird  p a rt hum idity  w as decreased back to 0%RH. The 

weight change of the sam ple w as followed over the entire  experim ent. Increasing the 

hum idity  in the  second step  w as done in  several ways as described below.

M icrob.^lanace B a lan ce
purge

Vapour
h u m id ifier

M ass flow  
con troller 2 S am p le

d
R eferen ce

R egulated  
dry gas flow

NIR
probe

T em p eratu re  
h u m id ity  probe

M ass flow  
controller 1

Figure 2-8: A schem atic of Dynamic vapour sorption (DVS) appara tu s.

2 .8 .2 .1  C ontinuous ramp

After the  initial diying period hum idity  w as increased  gradually and  continuously  a t a  

fixed rate  (3%RH/h) from 0 to 90%RH. These experim ents were perform ed a t various 

tem pera tu res for am orphopus indom ethacin  w hilst a t 25°C for am orphous lactose.

2 .8 .2 .2  Stepw ise ramp

After the  initial diying period hum idity  w as increased  in  the  steps of 5 or 10%RH. The 

change in  a  RH step  w as e ither perform ed a t the  end  of a  fixed period or w hen the 

weight change of a  sam ple reached  an  equilibrium  value (from d m /d t criteria). The 

experim ents were perfom ed a t various isotherm al tem peratu res. Considering the 

d u ran tion  of the  experim ent (2-3 days) and  the availability of the  DVS only the 

experim ents a t 25°C were stud ied  to confirm the reproducibility w hüst the  experim ents 

a t h igher tem pera tu res were perform ed only once.
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2.9 Inverse phase gas chrom atography (IGC)

This is a reverse of the gas chrom atographic technique. IGC is used to characterise 

the physicochemical properties of solids, m ainly surface properties. Normal gas 

chrom atography involves a  s tandard  colum n in which a m ixture of gases to be 

separated  is eluted using a carrier gas; w hereas inverse gas chrom atography involves 

solid under study to be packed in the form of a colum n and  only one probe gas (with 

known physicochem ical properties) a t infinite or very low concentration being eluted at 

a fixed flow rate of carrier gas. The retention time of probe gas depends on its 

interaction with the solid surface. A series of IGC experim ents with a  wide range of 

gaseous probes could be used to m easure the physicochem ical properties of solid in 

detail. IGC h as  been dem onstrated  to be useful in estim ation of surface energies, 

acid / base properties, solubility param eters, sorption isotherm s and phase transition.

2.9 .1  Instrum entation of IGC
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Figure 2-9: An overview design of inverse gas chrom atograph (IGC) by Surface

M easurem ent System (SMS, UK).

For all IGC studies in th is work a commercially available inverse gas chrom atograph 

(iGC) by surface m easurem ent system  (SMS, UK) was used. This is a  modified version 

of Agilent 6890 GC gas chrom atograph. The overview design of the iGC is shown in 

Figure 2-9. It consists of a  flow control system  to control the flow rate of gases, a 

solvent oven cham ber in which all solvent probes are stored along with humidifying 

bottles, a colum n oven cham ber to control tem perature  of the column, a valve system  

to control the flow path  carrier gas and detectors viz. therm al conductivity detector 

(TCD) and flame ionization detector (FID). TCD mainly detects the hum idity level of



83

the eluting gas and comes first (hence called back detector) followed by FID (front 

detector) which detects all the gaseous probes by burn ing  them .

Figure 2-10: Schem atics of iGC by SMS
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Figure 2-11: IGC valve position showing the gas flow pathw ay during the standby

mode (A) and  during the injection mode (B).

The instrum entation  design allows two separate  gas flows-sample and  reference. 

Sample flow carries the organic probe gases w hereas the reference flow is devoid of 

any probe gases. Both the flows could be humidified using a separate w ater bottle for 

each flow (Figure 2-10). This assem bly can assis t in studying the retention behaviour 

under controlled hum idity conditions. The position of the valves selects the flow path  

of the carrier gas. The location of four different valves is shown in Figure 2-11 Valve 

1 selects the flow of gas through either of the two colum ns (left or right). Valve 2 

ro tates the carousal through 9 different solvent bottles to m ake a choice between nine 

different probe injections. Valve 3 injects the loop conten ts and  valve 4 selects gas
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flow to the colum n (reference an d  sample). The valves are ac tu a ted  u sin g  com pressed 

air (pneum atics) a n d  are  controlled using  the com puter. The flow p a th  of the  carrier 

gas is m ain ta ined  by opening and  closing the various valves during  the  stages of the 

IGC experim entation as shown in Figure 2-11.

The flow control system  consists of six m ass  flow contro llers (MFCs) to regulate the 

flow ra te  of the  gases (mainly carrier gas), hum idity  level of the  carrier gas and  

concen tration  of the  probe gas to be injected. The position of each  flow controller is 

show n in Figure 2-10.

2 .9 .2  Experim ental

The experim ental work involved m ainly two th ings, p repara tion  of colum n packing and  

conditioning, th en  perform ing the  elution m ethod.

2 .9 .1 .1  Colum n preparation and cond ition ing

About 300-400 mg of am orphous solid w as packed in p re-silanated  glass colum ns 

(internal d iam eter 3 mm) using  a  standard ized  tapp ing  m ethod, which involved 

tapping  the  filled colum n for a  fixed du ra tion  (10 min.) a t fixed in tensity . The packed 

colum n w as th en  placed in a  colum n oven (tem perature stab le  over ±0.2°C of the  set 

value) of gas chrom atograph  an d  conditioned a t 30°C, using  d iy  He (purity >99.996%, 

m oisture  level <6ppm) (BOC, UK) as  a  carrier gas a t a  flow ra te  of 20 seem  (standard  

cubic cen tim etres per m inute) for 4h  a t 0%RH to remove any  adsorbed  or absorbed  

w ater and  o ther gasses from the  packed sam ple. RH, w hich w as initially set a t  0%, 

w as th en  sequentially  increased  in  steps. Conditioning a t each  RH step  w as 

perform ed for 40 m in. before perform ing the  in jections of probe gases. M oisture levels 

in the  carrier gas were detected  using  the  therm al conductivity detector (TCD). 

Control of RH w as th rough  m ass flow controllers w hich were electronically calibrated  

by Surface M easurem ent System s and  are  designed to give the sam e level of RH 

control th a t is ob tained  for DVS experim ent.

2 .9 .1 .2  The e lu tion  m ethod

E lutions using  decane (Acros Organics, purity  >99%) injections w ith concen tra tions 

0 .08% p/p° were perform ed a t  a  flow ra te  of 5 seem  of He a t the  required  %RH, 

m ethane (BOC, UK) w as used  a s  in te rnal s tandard . The solvent oven tem pera tu re  

w as m ain ta ined  a t  50°C (±0.2°C). E lution tim es of decane an d  m ethane  were 

m easu red  using  flame ionisation detector. Retention volum es Vmax an d  Vcom were 

calcu lated  using  IGC analysis software (Version 1.2 standard) from the  tim e for 

m axim um  peak  height and  centre of m ass  of the  re ten tion  peak respectively. The
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pressu re  drop acro ss the colum n w as m onitored a t each  R H /T  using  p ressu re  

tra n sd u c ers  fitted to the  IGC.

The elu tion experim ents were perform ed in two ways, in  one way the  hum idity  w as 

held co n stan t a t a  particu la r %RH value and  the  tem pera tu re  w as increased  (after 

each  tem pera tu re  incream en t elu tion of decane w as performed) w hilst in  ano th er way 

the tem pera tu re  w as held co n stan t and  hum idity  w as increased . E ach experim ent 

w as repeated  a t least th ree  tim es. These experim ents were perfom ed in  order to study 

the  tran sitio n s  in  am orphous indom ethacin  and  am orphous lactose.

2 .1 0  Near infrared sp ectroscop y  (NIR)

Near infrared spectroscopy w as perform ed using  a  specially ad ap ted  optical reflectance 

NIR probe (Foss NlRSystems, M aryland, USA). The NIR probe w as the  p a rt of modified 

DVS a p p a ra tu s  adap ted  to record the  NIR spectrum  sim ultaneously  w ith the  weight 

change (Figure 2-8). The NIR probe w as positioned approxim ately 4m m  u n d e r the 

quartz , flat bottom ed sam ple pan  of the  DVS in stru m en t. The collection of the NIR 

spectra  w as program m ed using  Vision® software (Version 2.2). The each  spectrum  

w as recorded a s  log 1 /R  as  a  function of wavelength, w here R is the  reflectance.
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3 .0  D ifferential scanning calorim etry to  characterise  am orphous sta te

Differential scann ing  calorim etry (DSC) is being u sed  routinely  to charac te rise  the 

solid s ta te  e.g. estim ation  of m elting tem pera tu re  or g lass tran sition  tem pera tu re . 

Different ways of heating  the sam ples have been identified to be tte r characterise  the 

physical s ta te  of the  solid. Conventionally, a  slow heating  ra te  of abou t 10-20°C /m in 

is u sed  b u t now the  advantages of heating  a t a  faster ra te  u p  to 500°C /m in  (Hyper- 

DSC) have been identified. H eating a t  fast ra te s  can  lower the  chances of tem pera tu re  

induced  phase  tran sitions  in the  sam ple (e.g. polym orphic inter-conversion or 

crystallisation  of am orphous solid). Hyper-DSC h a s  been  proved especially im portan t 

in m agnifying the  g lass tran sition  response (Saunders e t al., 2004). Since the  power 

o u tp u t is a  function of time, the  step  change response observed using  the  high heating  

for glass tran sition  will be larger. A heating  scan  w ith in te rm itten t iso therm al steps 

(S tepScan DSC) can  be used  to separa te  the  g lass tran sitio n  from the  overlaying 

relaxation peak. The S tepScan  differs from M odulated DSC in th a t  an  iso therm al step  

is u sed  (in StepScan) in stead  of a  cooling step  (in MDSC).

This section describes charac te risa tion  of the  am orphous s ta te  u sing  differential 

scann ing  calorim etry (DSC). The effect of heating  ra te  (10-400°C /m in) on glass 

tran sition  tem pera tu re  (Tg) for the  am orphous s ta te  w as studied. The activation 

energy (for m olecular relaxation) an d  fragility index of the  g lass were calcu lated  using  

heating  ra te  dependence of Tg. The effect of sorbed w ater on the  g lass tran sition  w as 

stud ied  for the  am orphous sta te  of indom etacin  and  nifedipine u sin g  high speed DSC 

(300°C/m in). Finally S tepScan DSC w as u sed  to separa te  the  g lass tran sition  and  

relaxation response. E nthalpy  relaxation m easu rem en ts  perform ed were th en  used  to 

estim ate  the  m olecular mobility for different g lasses of indom etacin , lactose and  

nifedipine.
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3 .1  Calorim etric tran sition s in  am orphous so lid s

The am orphous s ta te  show s typical tran sitio n s  w hen heated  in a  DSC a s  exemplified 

for am orphous indom etacin  (Figure 3-1). A m orphous indom etacin  undergoes a  g lass 

tran sition  (Tg) accom panied w ith a  sm all endotherm ie peak  due to s tru c tu ra l 

relaxation, an  exotherm ic peak (Tc) due to possible recrysta llisa tion  followed by 

fu rth e r endotherm ie m elting tran sitions  (Tmi, Tm 2 ) for the  re-crystallised  forms.

4 5 -

4 0 -

3 5 -

Î  ■

I Tm,

Tm

I 2 5 -

20-

Tc15-

40 60 80 100 120 140 160 180

T em perature (°C)

Figure 3-1: DSC scan  for am orphous indom etacin  a t  10°C /m in heating  ra te  showing 

the  tran sitio n s  typical of an  am orphous state .

The glass tran sition  is a  tem pera tu re  a t w hich the am orphous sta te  converts betw een 

highly viscous glassy to a  less viscous rubbery  sta te . Above Tg m olecular mobility in 

the  am orphous s ta te  increases w hich induces crysta llisa tion  a t  Tc. Although Tg is a  

characteristic  of an  individual g lass it depends on th e  way it is m easu red  an d  the 

p resence of sorbed w ater.
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3 .2  E^stimation o f  activation  energy by heating  rate dependence o f  Tg

The dependence of Tg on heating  ra te  could be seen from Figure 3-2 for am orphous 

indom etacin. It w as clear th a t  w ith a  higher scan  ra te  the g lass transition  shifted to a  

h igher tem perate (Tg shifted from 48.2°C a t 10°C /m in to 61.5°C a t 400°C /m in), 

a lthough  the  m elting w as observed a t alm ost constan t tem perature. The DSC furnace 

w as calibrated for each  heating  ra te  using  indium  a s  a  standard . The height of the  

specific heat change (ACp) a t the g lass transition  w as also increased, a lthough 

accura te  estim ation of ACp a t  individual heating  ra te  is  difficult due to the  overlapping 

relaxation response.

10°C/m in
50°C /m in
100°C/m in
400°C /m in

6 0 -

Ç  4 0 -

Ï  ■ 
^  20 -

0 -

-20
50 100 150 200

T em pera tu re  (°C)

Figure 3-2: Heating ra te  dependence of g lass tran sition  tem pera tu re  for am orphous 

indom etacin, 2-3m g dry sam ple placed in  non-herm etically sealed pans. * g lass 

transition , ** ciystallisation, *** melting.

Heating ra te  dependence of the  g lass transition  h a s  been reported for several aqueous 

g lasses (Her and  Nail, 1994) and  w as u sed  to estim ate the  activation energy for the  

relaxation process accom panying g lass transition  using  equation 19 (Moymhan e t al., 

1974).

d\n\q\ Ah
R

Eïquation 19
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w here, q is heating  ra te  (K/min), Tg glass tran sitio n  tem pera tu re , Ah* is activation 

energy of the  relaxation process and  R is un iversal gas c o n s ta n t (R=8.1345 J /m o le /K ). 

Ah* calcu lated  from equation  19 w as used  to calcu late the  fragility param eter (m) from 

equation  20.

Ah *
m =

2.303R7g
E quation 20

The plot of inverse tem pera tu re  against In (heating rate) is show n in Figure 3-3 The 

slope of th is  line w as used  to calculate the  activation energy for the  relaxation process 

a t the  glass transition . This value w as also show n to be sim ilar to the  activation 

energy for the  viscous flow (Moynihan et al., 1974). Also show n in Figure 3-3 is the 

com parison w ith reported  values for the heating  ra te  dependence of Tg for am orphous 

indom etacin. The reported  stud ies cover the  heating  ra te  range from 5-40K /m in  

w hereas in th is  work a  broad  heating  range from 10-400K /m in  w as covered.

-29.426% + 93.811 
 ̂ R2 = 0.9895

y = -31.417% + 100.74 
R2 = 0.99710) 4

-41.274% + 133.19 
R2 = 0.9715•  R e f e re n c e - 1

■ R e fe re n c e -2

A T h is  w ork

2.95 3.05 3.15 3.2 3.25
1000/T  (K-1)

Figure 3-3: The heating  ra te  dependence of the  Tg for am orphous indom etacin , d a ta  

com pared w ith reported  values Reference 1 (Ramos et al., 2004) an d  Reference -2 

(Hancock et al., 1998b).

The slope of the  lines were very different u ltim ately affecting activation energy (244.6 

k J /m o le  in th is  work com pared to the  reported  value of 385kJ/m ole). There could be 

several possible reasons for the  above m entioned difference in activation energy values 

(Ah*) observed in different s tud ies for am orphous indom etacin . The m ost logical
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reason  could be the am ount of absorbed w ater in  the  am orphous solid. A lthough all 

the  stud ies were perform ed w ith dried am orphous soUd, its  exposure to the 

environm ental RH could no t be avoided which can  influence the m easured  Tg value 

an d  hence activation energy values (Ah*). Since the calculation of the  fragHity index is 

based  on Ah* value (equation 20) difference in  Ah* value could be potentially carried 

over and  m ay lead to erroneous estim ation of the  fragility index value (m).

-2-
m=

-4-
S tron g

-6-

m=55-8 -

-10- Fragile

m = 2 0 0-12-

-14
0.0 0.2 0.4 0.6 0.8 1.0

T g /T

Figure 3-4: The behaviour of g lasses w ith different fragility indices in the  super

cooled liquid region, reproduced from (Bohmer e t al., 1993).

The concept of strong against fragile g lass form ers w as explained in  the In troduction 

(1.6.1). A higher value of the  fragility index ind icates a  m ore fragile or w eaker glassy 

solid. It could be seen from Figure 3-4 th a t the log t  value (relaxation time) for strong 

g lasses (m=16) increases alm ost linearly as  the  tem peratu re  is  reduced tow ards Tg 

(Tg/T=l). W hereas in the case of fragile g lasses (m=200) log t  value decreases 

exponentially w ith a  m ore pronounced  change n ea r Tg. Analogous to the  relaxation 

tim e other m echanical properties (e.g. viscosity) follow an  exponential change near Tg 

for a  fragile g lass former. A lthough the properties of the g lass former in  the super

cooled region are used  to classify the g lasses it is  an ticipated  th a t the  trend  in  

properties of the  g lass (e.g. relaxation tim e and  viscosity) would follow the sim ilar 

relationship  below Tg (solid s ta te  of the  glass). T his m eans th a t the strong g lass would 

continue a  linear decrease in  the  properties w hereas the fragile g lass would follow a 

sudden  change n ea r Tg. The properties of the  fragile g lass would change more 

drastically  a s  the  Tg is  approached  during  the  heating  or cooling of a  g lass former. A 

fragile g lass is  expected to show  a  faster ciystallisation a round  the g lass transition  

region a s  com pared to fu rther below Tg. The im plication of strong and  fragile g lass 

classification criteria  is im portan t during  the  estim ation of the  zero mobility
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tem pera tu re  (Tk); a  criterion w hich could be u sed  in the  pharm aceu tica l a re n a  to 

avoid the crystallisation  over the  shelf life of the  am orphous product. An accura te  

estim ation of activation energy (Ah*) and  fragility index (m) could be of great u se  in 

com paring the  differences in the  crystallisation behaviour of different glasses.

AH (kJ/m ole) Tg (K) m

Nifedipine ^ 351 320 58.63

P hénobarb ital ® 343 316 57.96

Indom etacin 385 319 64

2 4 4 .7 b 4 0 .7 b

B 2 O 3 ^ 384 554 32

Table 3-1: The Activation energy and  the fragility index values (m) for different

glasses from, ^(Aso et al., 2001),  ̂(Bohmer et al., 1993) and  ^ th is  work.

The fragility of a  g lass is independen t of g lass tran sitio n  tem pera tu re  (Tg) b u t depends 

on the  activation energy of the  g lass transition . A com parison of m values for organic 

and  inorganic g lasses is show n in Table 3-1. B2 O3 is an  inorganic g lass (m=32) 

com paratively stronger th a n  o ther organic g lasses.

The presence of m oisture  in am orphous solid could profoundly affect the  estim ation  of 

activation energy and  m value. In the  case of citric acid glass activation energy 

decreased  from 733 k J /m o le  in the dry sta te , to 410 k J /m o le  w ith 8.6%  w /w  of water. 

This w as accom panied w ith corresponding decrease in m  value from 135 to 86 upon  

hydration  (Lu and  Zografi, 1997). The hydration  of a  glassy solid could lead to 

variation in observed m values am ong the  different reports as  the  DSC m easurem en ts 

lack the  control over the hum idity  conditions.
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3 .3  P la stic isa tion  o f  am orphous sta te  by sorbed water

The effect of sorbed w ater on glass tran sition  tem pera tu re  of the  am orphous sta te  h a s  

been stud ied  by using  conventional DSC (slow heating  ra te  1 OK/min.) and  by 

m odulated  DSC (Royall e t al., 1999). The u se  of herm etically  sealed p a n s  during  the 

heating  scan  can  avoid evaporation of the  sorbed w ater w hereas the  fast heating  rate  

m inim izes its  red istribu tion  in the  am orphous solid. The use  of a  herm etically sealed 

pan  along w ith high scann ing  speed could therefore be the  best way to study  the  effect 

of sorbed w ater on Tg of am orphous solid.

3 .3 .1  P la stic isa tion  o f  am orphous in d om etacin  by w ater vapour

100
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Figure 3-5: DSC scan  for am orphous indom etacin  using  a  herm etically sealed p an  a t 

300°C /m in , A. dry solid, B. stored a t 11.3%RH showing two Tg s one below 50° (circle) 

along w ith the  second a t a round  60° C.

For dry am orphous indom etacin  the g lass tran sition  could be seen a t a round  60°C as 

a  step  change in the  specific h ea t (Figure 3-5A). The glass tran sition  w as followed by a 

sm all endotherm ie peak  (c.a. 90°C) w hich could be due  to collapse or the  s tru c tu ra l 

relaxation of the am orphous state . A relaxation response  is generally observed a s  a  

p a rt of the  g lass tran sition  response (Figure 3-1), the  delay (two separa te  transitions, 

Tg a t  60°C and  relaxation a t  90°C) observed could be associated  w ith the u se  of 

herm etically  sealed pan. A p ressu re  build  u p  during  the  heating  scan  could prohibit 

the s tru c tu ra l collapse of am orphous sta te  im m ediately after g lass transition . The 

absence of m elting tran sitio n s  (around 150°C) along w ith the  absence of 

recrystallisation  (around >100°C) could altogether m ean th a t  indom etacin  w as 

predom inantly  in  the  am orphous s ta te  and  the  fast heating  ra te  could prohib it the 

nucléation  and  the  recrystallisation.
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Figure 3-6: DSC scan s  (300°C/m in) using  herm etically sealed  pan , for am orphous

indom etacin  stored a t different hum idity  conditions for 24h  a t 30°C. The glass 

tran sition  w as clearly shifted to a  lower tem pera tu re  w ith increasing  hum idity , c.a. 

60°C a t 11.3%RH to c.a. 30°C a t 97.3 %RH.

The p lastic isation  effect of absorbed  w ater on am orphous indom etacin  w as show n in 

Figure 3-6 an d  Table 3-2. The glass tran sitio n  w as gradually  shifted to a  lower 

tem pera tu re  as  %RH w as increased. The g radual decrease w as due to the  increasing 

levels of the  sorbed w ater w hich ac ts  as  a  plasticizer.

W ith the  progressive plasticisation, the  w idth of the  g lass tran sitio n  b roadened  (width 

ATg= Tg onset - Tg end) indicating spreading  of the  g lass tran sitio n  over a  broader 

tem pera tu re  range. The broadening  of the  Tg w as also accom panied by a  fall in ACp 

(step change in the  specific heat) a t  the  g lass transition . The broadening  of glass 

tran sitio n  due to absorbed  w ater is illu stra ted  in  Figure 3-7A  an d  Table 3-2 (ATg). 

A m orphous indom etacin  stored a t 97%RH show ed considerably  h igher ATg (15.8°C) 

th a n  the sam ple stored a t 11.3%RH (11,4“C). The broadening  of w idth of glass 

tran sitio n  h a s  often been correlated to increased  d istribu tion  of m olecular relaxation 

tim es (different am orphous dom ains relaxing differently) an d  could lead to a  change in 

fragility of the  am orphous sta te  (Hancock e t al., 1998b).
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Figure 3-7: The Effect of sorbed w ater on g lass tran sitio n  response of am orphous

indom etacin from DSC scan  (300°C/min) using  herm etically sealed pans, A. 

Com parison between g lass transition  for storage a t 11.3 and  97.3%RH. B. 

Com parison between first and  second heating  scan  after storage a t 97.3%RH, the 

w idth of g lass transition  w as reduced during the second scan.

%RH Tg onset (°C) ATg CC) ACp (J/g /K )

11.3 60.6 ± 0.7 11.4±0.5 0.67±0.07

30.7 52.3 ± 0.4 10.6±0.2 0.76±0.04

38.2 51.9 ± 0.2 8.7±2 0.75±0.16

57.5 44.5 ± 0 .4 10.9±0.7 0.66±0.07

74.3 43.3 ± 0.9 11.4±0.3 0.50±0.04

75.3 38.4 ± 0.3 10.8±0.9 0.50±0.09

80.9 37.1 ± 0 .8 16.8±2.6 0.40±0.04

84.3 35.2 ± 0.6 12.3±2.2 0.50±0.05

93.7 30.1 ± 0.9 14.3±2.2 0.44±0.06

97.3 26.1 ± 0 .5 15.8±2.6 0.49±0.16

Table 3-2: A list of onset tem peratu re  for the  g lass transition  (Tg onset), w idth of the 

g lass transition  ATg an d  specific h ea t change ACp for am orphous indom etacin after 

the  storage a t various RH conditions a t 30°C.

The broadening of g lass transition  could also imply inability of w ater m olecules to 

d istribu te  uniformly in  the am orphous solid (considering the  hydrophobic n a tu re  of 

indom etacin). This could m ean th a t  if plasticised sofid w as reheated  it m ay show 

decrease in ATg value during  the  second scan  (as com pared w ith the  first heating  

scan) due to the  red istribu tion  of the  w ater during the  first heating  scan. Indeed th is  

w as the case w ith am orphous indom etacin. The reduction  in  w idth of g lass transition  

in  the  second ru n  (ATg=13.0°C) could easily be observed a s  com pared to the first scan  

(ATg=20.0) (Figure 3-7B) w ith the onset of Tg rem aining the sam e.
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The uneven w ater d istribu tion  in  the  am orphous solid could lead to different regions 

being plasticised to different extent. Under extrem e situa tions of uneven w ater 

d istribu tion  m ultiple g lass tran sitions could be observed during DSC scans. Multiple 

g lass transitions were not detected regularly, may be due to a  technical lim itation of 

the  in strum en t or a  heating  ra te  of 300°C /m in  m ay no t be high enough to avoid the 

red istribu tion  of sorbed w ater in the  solids. A m ultiple g lass transition  w as however 

clearly observed for solids stored a t 11.3%RH (Figure 3-5B), u n d e r th is  storage 

condition the sorbed w ater could be ju s t  adsorbed a t the  surface of the  solid.

Although the g lass transition  shifted to a  lower tem pera tu re , the  endotherm ie peak 

(which w as correlated to relaxation) observed c.a. 90°C did not shift un til 80.9%RH 

(Figure 3-6). After 80.9%RH the peak  w as very sm all for 84.3%RH an d  a t 97.3%RH it 

w as completely absen t (Figure 3-6 and  Figure 3-7B). It w as highly Kkely th a t  the 

endotherm ie peak could be due to relaxation or collapse in  the  am orphous state. 

D isappearance of the peak  (after 84%RH) could m ean  th a t am orphous indom etacin 

existed in  a  relaxed sta te  (or in  a  rubbery  sta te). This could m ean th a t  the am oun t of 

sorbed w ater a t >84% RH lowered the dry Tg to or below the  experim ental 

tem perature . Hence u nder these conditions of the  tem pera tu re  and  RH am orphous 

indom etacin could exist in a  rubbery  state.
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Figure 3-8: The Tg of am orphous indom etacin containing absorbed w ater (Tg mix)

m easured  using  DSC (300°C/min) plotted against w ater conten t m easured  by DVS.

The endotherm ie m elting transition  a t 0°C w as ab sen t for all am orphous solids 

containing different am oun ts of water. This could m ean th a t w ater m olecules existed
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as  a  m olecular d ispersion  w ith am orphous indom etacin , as  the  existence of separa te  

w ater ph ase  would have resu lted  in  an  ice m elting tran sitio n  a t 0°C. W ater, w hen 

p resen t in high am o u n ts  m ay exist a s  a  separa te  phase  (sim ilar to condensed  water) 

and  in th is  s ta te  w ater is highly mobile an d  can  have a  catalysing effect on m any solid 

s ta te  reactions. The s ta te  of w ater is particu larly  im portan t w hen w ater con ten ts  are 

high, su ch  as  3 % w /w  of dry am orphous indom etacin  w hen stored a t >90%RH.

The values of Tg (onset) m easured  after storage u n d e r different RH conditions, a s  a  

function of am oun t of sorbed w ater (m easured using  the  DVS) are  show n in Table 3-2. 

Initially a  sm all am oun t of absorbed  w ater h ad  a  considerable plasticizing effect on 

am orphous indom etacin; abou t 0 .6% w /w  of absorbed  w ater lowered Tg of dry solid by 

a bou t 16°C. The plasticizing effect th en  levelled u n til ab o u t 1.5% w /w  w ater; Tg w as 

th en  reduced  gradually  dropping by abou t 18°C as  a  consequence of th e  next 1.4% 

w /w  of absorbed  w ater. Overall abou t 2.96%  w /w  of w ater reduced  Tg of the  dry solid 

from 60.6°C to 26.1°C (by 34.5°C). This w as in  com parison w ith the  previous stud ies  

using  slow heating  ra te  (l°C /m in), w here Tg of am orphous indom etacin  w as lowered 

from 43°C (in dry conditions) to 10°C (with 2.8% w /w  of water), a  to ta l drop by 33°C 

(Andronis et al., 1997). The p lasticisation  effect of w ater w as observed to be m uch  

higher th a n  th a t predicted using  the  Gordon Taylor equation  (Figure 3-8). This w as 

observed in previous s tud ies for am orphous indom etacin  (Andronis et al., 1997). The 

Gordon Taylor equation  (equation 16) is based  on the  perfect volum e additivity for the  

com ponents of a  m ixture. Lowering of Tg for am orphous indom etacin  is due to an  

increase in to tal free volume of indom etacin  m olecules in the  am orphous sta te . 

Deviation of ac tu a l Tg values from the Gordon Taylor prediction w as reported  for 

hydrophobic polym ers like PMMA (Hancock an d  Zografi, 1994) an d  w as supposed  to 

be due to various polar and  non-polar in terac tions betw een polym er and  w ater 

m olecules.
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3 .3 .2  P lasticisation  o f am orphous nifedipine by water vapour

£ -20

-60

200-62 23 -50

Figure 3-9: DSC heating scans (300°C/min) for am orphous nifedipine (spray dried) 

stored a t various RH conditions for 6h a t 30°C; glass transition  (c.a. 60°C) clearly 

disappearing beyond 52.8 %RH.

The plasticisation effect of absorbed water observed by exposing am orphous nifedipine 

to various RH conditions was found to be m uch more complex th an  the effect of 

absorbed w ater on the am orphous indom etacin. The heating scans after exposure of 

am orphous nifedipine to various RH conditions are shown in Figure 3-9 and Figure 3- 

10. Am orphous nifedipine exhibited a clear glass transition  typical of an  am orphous 

state  for storage a t 0%RH. The melting transition  along with the exothermic 

crystallisation observed in all the scans could be due to two possibilities; one the 

presence of partially crystalline spray dried am orphous state  or second the heating 

rate of 300°C /m in was unable to prevent crystallisation. The glass transition  for 

am orphous nifedipine stored a t 0, 11.3 and 38.3%RH w as distinct and  consistent. 

But for storage a t >52.8%RH the glass transition  response started  diminishing. 

Occurrence of m ultiple transitions with wavering baseline was obvious from DSC 

scans for am orphous nifedipine stored at >52.8%RH (Figure 3-10).

Results of calorim etric glass transition  tem peratu res (Tgonset and ATg) corresponding to 

the biggest step change in specific heat capacity after exposure to various RH 

conditions are shown in Table 3-3.
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%RH G lass tran sition  tem pera tu re  (°C) ACp

Tg onset ATg (J/g /K )

0% 56.70 ± 0.18 6.02 ± 0.20 0.86 ± 0.00

11.3% 58.67 ± 0.08 7.22 ± 0.37 1.00 ± 0.15

38.2% 54.78 ± 0 .80 3.29± 0.33 0.35 ± 0.06

52.8% 55.71 ± 2 .80 7.1 ± 0.91 0.46 ± 0.17

75.3% 52.17 ± 0 .37 7.0 ± 0.68 0.34 ± 0.02

93.7% 49.20 ± 0 .05 7.80 ± 1.1 0.21 ± 0.02

97.3% 43.65 ± 1.51 6.91 ± 0.2 0.25 ± 0.04

Table 3-3: T em peratu re  a t w hich the  calorim etric g lass tran sition  response w as

observed for am orphous nifedipine after storage a t various RH an d  30°C, along with 

the change in the  specific hea t capacity  obtained from DSC scan s  from Figure 3-9.

Exposure of am orphous nifedipine to 0 -75 .3%RH did not affect the  g lass tran sition  

tem pera tu re  b u t a t h igher RH Tg decrease from 52 2°C a t 75%RH to 43.7°C a t 

97.3%RH. High values of the  ACp obtained  for the sam ple exposed to the  0 and  

11.3%RH (Table 3-3) could be due to the  high scann ing  ra te  together w ith the 

en thalp ic  relaxation process w hich accom panies the  g lass tran sition  response.

Exposure to >38.2%RH resu lted  in fading of the  calorim etric g lass tran sition  response, 

th is  w as observed a s  a  drop in the  ACp value from 0.86 J /g /K  a t  0%RH to 0.25 J /g /K  

a t 97.3%RH. A drop in ACp values could be due to splitting  of a  single g lass transition  

response into m ultiple tran sitions  a s  seen  from wavering of the  baseline (Figure 3-10). 

M ultiple g lass tran sitio n s  could be due  to differential d istribu tion  of sorbed w ater in 

am orphous nifedipine and  hence differential plasticisation. Due to differential 

lowering of the  g lass transition , som e regions of am orphous nifedipine m ay exist in the 

relaxed s ta te  (since the  relaxation is faster n ea r the  g lass tran sition  tem perature). 

A nother possibility for drop in ACp values could be the s treng then ing  of the 

am orphous glassy sta te  a s  a  resu lt of the  sorbed w ater. A decrease in  fragility value 

w as reported  for citric acid due to sorbed w ater (Lu an d  Zografi, 1997) an d  the 

s treng then ing  of a  g lass could be associa ted  w ith a  fall in  ACp values a t the  glass 

tran sitio n  (Angell, 1996). The th ird  possibility could be a  partial transfo rm ation  of 

am orphous sta te  into the crystalline sta te  an d  thereby  reducing  ACp a t  glass 

transition .

DSC scans for sam ples exposed to ^52%RH showed several tran sitio n s  beyond the Tg 

region, w hich could be an tic ipated  considering the  nu m b er of polym orphs and  solvate 

s tru c tu re s  exhibited by nifedipine. Three polym orphs prim arily reported  in are  form I 

(m.p. 174°C) form II (m.p. 163°C) an d  form III (m.p. c.a. 135°C) (Keymolen e t al., 2003) 

as  well a s  solvates an d  the  hydrate  form s (Caira et al., 2003).
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Figure 3-10: DSC heating  scans (300°C/min) for am orphous nifedipine (spray dried) 

stored a t various RH conditions for 24h  a t 30°C; individual heating scan s  from Figure

3-9. Red and  black lines indicate m ultiple DSC analysis.

Although the possibility of transform ation  of am orphous nifedipine into one of the  

polymorphic or the  hydrate s tru c tu re s  during  the exposure to the high RH could not
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be ignored, it w as no t of in te rest for the  cu rren t w ork to characterise  the  nu m b er of 

polym orphs or hyd ra tes generated  due  to exposure to high RH.
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3 .3 .3  Com parison betw een  the p la stic isa tion  o f  am orphous in d om etacin  and  

nifedip ine by water

In the  case of am orphous indom etacin  the p lastic isation  effect of w ater w as gradual, 

i.e. Tg w as lowered gradually  w ith the increasing  RH or am oun t of absorbed  water. 

W hereas for am orphous nifedipine Tg w as n o t affected m uch  un til 52-75%RH, after 

w hich there  w as a  sudden  drop.

Another difference observed betw een the two am orphous s ta tes  w as the  step  change in 

h ea t capacity  a t g lass tran sition  (ACp). For am orphous nifedipine, ACp decreased 

sharply  by ab o u t 0 .5 J /g m /K  w ith the  exposure to low RH such  as  38.2%RH (Table 3- 

3). W hereas in  the  case of am orphous indom etacin  ACp changed  by 0. l -0 .2 J /g m /K  

over the  en tire  range of RH stud ied  (0-97%RH) (Table 3-2).

Generally Tg is u sed  a s  a  criteria  to a sse ss  the  stability  of the  glass. This m eans a 

g lass w ith h igher Tg should  be m ore stable th a n  a  g lass w ith lower Tg. It follows th a t 

two glasses w ith a n  equal Tg should  have a  sim ilar stability profile. A lthough two 

glasses u sed  in the  cu rren t study  exhibited a  sim ilar dry Tg (60°C for indom etacin  and  

57°C for nifedipine) their crystallisation tendencies were very different.

The changes observed for am orphous nifedipine due to w ater vapour exposure could 

be in term ediary  to the process of crystallisation. The am orphous s ta te  of nifedipine 

could be m ore prone to crystallisation  in hum id  conditions a s  com pared to am orphous 

indom etacin. It is possible to conclude th a t the  changes in m olecular mobility are 

h igher for am orphous nifedipine com pared to am orphous indom etacin  u n d e r hum id  

conditions.
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3 .4  E stim ation  o f  m olecular m obility in am orphous s ta te

In th is  section estim ation  of m olecular mobility in  the  am orphous s ta te  of 

indom etacin, nifedipine a n d  lactose a t various tem pera tu res below Tg are considered. 

The em pirical Kohlrausch-W iUiams-W atts equation (equation 4) h a s  been u sed  along 

w ith en thalpy relaxation m easured  by StepScan DSC to calculate average relaxation 

time. Since the  k inetics of the  ciystaUisation p rocess are well understood  in  the 

am orphous s ta te  of indom etacin, nifedipine and  lactose, it would be possible to 

correlate the ciystaUisation process to m olecular mobüity. It should  also be possible 

to estim ate tem perature  conditions for low m olecular mobility so a s  to avoid the 

CiystaUisation process.

3 .4 .1  Eïstimation o f  enthalpy relaxation using StepScan DSC
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Figure 3-11: The differentiation of to ta l h ea t flow into reversible (Thermodynamic Cp 

Une) and  non-reversible (IsoK baseUne) hea t flows using  StepScan DSC for am orphous 

indom etacin (heating program m e detaUed in  the  m ethods section).

Tg Vi Cp Extra (°C) ACp (J/g /°C )

Indom etacin 46.59 ± 0.09 0.39 ± 0 .0 1

Nifedipine 45.85 ± 0.04 0.37 ± 0 .01

Lactose 115.25 ± 0 .5 6 0.56 ± 0.04

Table 3-4: The param eters  of g lass transition  obtained by using  StepScan DSC.

The to tal h ea t flow obtained using  the S tepScan heating  program m e w as separa ted  

into reversible (Thermodynamic Cp Une) and  non-reversible (IsoK baseUne) h e a t flows 

using  StepScan software of Pyris-1 DSC (Sichina, 2000). The resu lts  ob tained  for a
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glassy s ta te  of indom etacin are show n in  Figure 3-11. The g lass tran sition  being the 

reversible response w as observed along Therm odynam ic Cp Hne a s  a  step  change in  

specific h ea t an d  enthalpic recoveiy processes being non-reversible observed along 

IsoK baseline a s  an  endotherm ie peak. The characteristic  param eters  of g lass 

tran sition  estim ated  from Therm odynam ic Cp line for indom etacin, nifedipine and 

lactose are shown in Table 3-4. The a rea  of the  endotherm ie peak  observed along the 

IsoK baseline w as calculated  to give a n  estim ate of en thalpy  of the  relaxation process. 

A s imila r response for enthalpic recoveiy an d  g lass transition  w as also observed w ith 

the am orphous s ta te  of nifedipine and  lactose using  exactly sim ilar S tepScan  heating 

program m es. Generally, conventional DSC w as u sed  to study  the  relaxation process 

in  the am orphous s ta te  (Hancock e t al., 1995) although, using  the conventional DSC 

the two processes, the  g lass transition  and  the  recoveiy are observed on top of each 

o ther m aking their individual estim ation difficult. I 'he  m odulated  DSC w as reported 

to be able to s tudy  the g lass transition  and  the  en thalpy recoveiy responses 

individually (Craig e t al., 2000).

3 .4 .2  E stim ation  o f  aging from enthalp ic  recovery
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Figure 3-12: The effect of aging a t 30°C on  the enthalpic recoveiy for am orphous

nifedipine, the  peak height increased  w ith the  extended aging a s  did the peak  area.
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Figure 3-13: The effect of aging a t 30°C (A) and  35°C (B) on the enthalpic recovery for 

am orphous indom etacin, peak height increased with extended aging.
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Figure 3-14: The effect of aging a t 80°C on en thalpy recoveiy of am orphous lactose.

The aging s tud ies were perform ed by holding am orphous m aterial isotherm ally for 

various in tervals and  then  perform ing S tepScan DSC analysis. The endotherm ie peak 

responses obtained for aging of am orphous nifedipine a t 30°C are show n in  Figure 3- 

12. The peak  height and  ultim ately  the peak a rea  increased  w ith increasing the  aging 

duration . It w as also clear from Figure 3-12 th a t  the  peak m ax w as shifted to a  higher 

tem peratu re  w ith increased  aging duration . Since the  peak  corresponds to the 

enthalpy recoveiy process, the  peak  m ax corresponds to the  tem pera tu re  a t w hich the 

m axim um  n um bers  of m olecules undergo relaxation recoveiy. The peak  shift to a  

higher tem pera tu re  could be correlated to consolidation of the  g lass w ith increased 

aging. A m orphous indom etacin (Figure 3-13) and  am orphous lactose followed sim ilar
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tren d s  in enthalpy recoveiy and  tem pera tu re  shift for the  peak max. The aging 

s tud ies were followed over an  extended du ration  of tim e for am orphous lactose, about 

8-17 days a s  com pared to 24h  for indom etacin and  nifedipine.

In the case of am orphous lactose shift in  the  peak m ax tem perature  w as also 

accom panied by breakdow n of single g lass tran sition  response into m ultiple 

tran sitions imm ediately one after another, th is  could be seen a s  a  discontinuity  in step 

change response (Figure 3-15). We are not aware of th is  having been reported 

previously.

0 ,5
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110
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Figure 3-15: The effect of aging a t 80°C on g lass transition  response for am orphous 

lactose observed along specific hea t line using  S tepScan DSC. Arrows indicate the 

discontinuity  in  g lass transition  response.
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Figure 3-16: The en thalpy relaxation a s  a  function of tim e obtained for am orphous 

lactose a t different aging tem peratu res.
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The en thalpy  relaxation values obtained  by aging stud ies for am orphous lactose 

increased  w ith longer aging tim e (Figure 3-16). At Tg-15°C (100°C) an  initial increase 

in en thalpy  relaxation w as followed by a  p la teau  th a t  could be observed clearly 

betw een 8-24 h  (Figure 3-16). A sim ilar p la teau  effect w as also observed for aging a t 

Tg-25°C. The en thalpy  relaxation values a t Tg-35 (70°C) followed a  g radual increase 

even after 8 days. A m orphous nifedipine and  indom etacin  followed sim ilar tren d s  in 

en thalpy  relaxation values.
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3 .4 .3  E stim ation  o f  m olecular m obility

Enthalpy relaxation values obtained by aging the  am orphous sta te  were u sed  to 

calculate the  extent of relaxation a s  explained in  th e  section 1.9.1 using  equation 5 

and  6. The extent of relaxation for lactose a t different tem pera tu res were p lotted as a  

function of aging tim e (Figure 3-17) and  fitted in  equation 4 using  t and  p a s  variables. 

Fitting the ex ten t of relaxation a t each  tem pera tu re  in  the  em pirical KWW equation 

produced  values of t and  p. The values of average relaxation tim e (x) obtained for 

lactose, indom etacin and  nifedipine are show n in  Table 3-5 and  Table 3-6 . For all 

com pounds used  in th is  study  x values increased a s  aging tem pera tu re  w as lowered 

below Tg.

Tem perature X (h) P
60°C (Tg-55) 8.9*10'’! ±6.45*10'’"’ 0.03 ± 0.27

70°C (Tg-45) 30526.8 ± 175292.4 0.3 ± 0.24

80°C (Tg-35) 606.3 ± 275.4 0.6 ± 0 .1 2

90°C (Tg-25) 76.1 ± 15.2 0.4 ± 0.04

100°C (Tg-15) 6.2 ± 1.07 0.4 ± 0.06

Table 3-5; Average relaxation tim e (x) and  d istribu tion  param eter (P) obtained at 

different aging tem pera tu res for am orphous lactose.
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Figure 3-17; The extent of relaxation a s  a  function of tim e for am orphous lactose; 

solid lines are the  curves of the  best fit in  the  em pirical KWW equation (equation 4).
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35°C
30°C
25°C
15°C

Indom etacin
i M .

16.93 ± 2.4
17.58 ± 1.1
34.13 ± 3 .1
1.6*10<^± 1Q8

Tg = 46.6°C)

0.29 ± 0.02
0.7 ± 0.04
0 .98 ± 0 .1
0.19 ± 0 .1

Nifedipine(Tg = 45.9°C)

0.85 ± 0 .1
25.32 ± 2 .3 2

2098.13 ± 8 3 .4
8*1028 ± 1031

A
0.5 ± 0.06
0.5 ± 0.03
0.5 ± 0.06
0.04 ± 0.1

Table 3-6: Average relaxation tim e (x) and  d istribu tion  param eter (p) obtained at

different aging tem pera tu res for am orphous indom etacin an d  nifedipine.

In the case of am orphous lactose (Table 3-5) i  values increased  from abou t 6 h  a t Tg- 

15°C to about 600h  a t Tg-35. For am orphous indom etacin  reducing the tem peratu re  

from Tg-10 to Tg-20 increased  the x values from 17h to 34h  a s  com pared to an  

increase from Ih  to 3000h  over the  sam e tem peratu re  range for am orphous nifedipine. 

This is  in teresting considering the  sim ilar Tg of bo th  am orphous com pounds (Table 3-

4).

At lower aging tem peratu re  extremely long relaxation tim es (x) with large error values 

were observed e.g. Tg-45°C for lactose, Tg-30 for am orphous indom etacin and  

nifedipine (Table 3-5 and  Table 3-6). Large error values were also reported  for 

am orphous sodium  indom etacin (Tong an d  Zografi, 1999) and  for am orphous lactose 

(Craig e t al., 2000). This could  m ean  th a t the  existing model w as unab le  to predict 

extremely long relaxation time.
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Figure 3-18: A com parison of relaxation tim es obtained for am orphous s ta te  of

nifedipine, indom etacin and  lactose below Tg.
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The inability to pred ict extrem ely long relaxation  tim e a t  a  p a rticu la r aging 

tem pera tu re  could be regarded as relative^ absence of m olecular mobility. U nder th is  

scenario the  tem pera tu re  below w hich the  m olecular mobility d isappears  could be 

regarded as  the  zero mobility tem pera tu re  (Tk, K auzm ann tem perature). Alternatively 

the large error in i  values could m ean the  insensitivity  of the  existing m ethod to detect 

extremely slow m olecular m otions. E nthalpy  recoveiy values obtained  over 12 days 

were insufficient to predict the average relaxation tim e for am orphous lactose a t Tg- 

45°C (using the  em pirical KWW equation). The detection of slow relaxation processes 

would need aging of the  am orphous sta te  to be s tud ied  over several m on ths or years.

The average m olecular relaxation tim e h a s  often been u sed  to predict shelf life stability 

of the  am orphous sta te . In an  approach  to pred ict the  shelf life of the am orphous 

sta te , the  d istribu tion  of relaxation tim es h a s  been u sed  in stead  of average m olecular 

relaxation tim e (Sham blin et al., 2000). In the  p resen t work m olecular relaxation tim e 

h a s  been used  only for the  com parison of the  m olecular mobility in the  am orphous 

s ta te  below Tg and  not to predict the  shelf life. Since the  purpose of the  c u rre n t study  

w as to com pare the m olecular mobility in  different g lasses the  prediction of th e  shelf 

life w as not attem pted .

The direct com parison of m olecular relaxation tim es a t different aging tem pera tu res  

for th ree glasses w as perform ed in Figure 3-18. Different tem pera tu re  scaling 

m ethods have been proposed for the  purpose of com parison  betw een different glasses. 

These m ethods involve A) the ratio  of aging tem pera tu re  to g lass tran sition  

tem pera tu re  (T/Tg) an d  B) the difference betw een glass tran sition  tem pera tu re  an d  

aging tem pera tu re  (Tg-T). In th is  work Tg-T w as used  as  a  tem pera tu re  scaling 

m ethod. This m eans log of relaxation tim e w as plotted  aga inst Tg-T for different glassy 

s ta te s  (Figure 3-18). It can  be seen from Figure 3-18 th a t  different g lasses follow 

sim ilar aging tem pera tu re  dependence u n til 20°C below Tg (Tg-T= 20). A fu rth e r 

decrease in aging tem pera tu re  (beyond Tg-T=20) resu lted  in different behaviour for 

th ree  glasses. It could be possible to relate the  different behaviour of th ree g lasses to 

the  fragility index and  hence to crystallisation  tendency.

1 Relative to h igher aging tem pera tu re , e.g. aging a t Tg-15°C for am orphous lactose.
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3 .5  Sum m ary o f characterising am orphous s ta te  by DSC

In th is  chap te r the  charac te risa tion  of the  am orphous sta te  u sing  DSC w as studied.

The resu lts  ob tained  could be sum m arized as  follows,

• D ependence of Tg on heating  ra te  w as stud ied  for am orphous indom etacin . The 

variation in Tg w as used  to calculate the  fragility index for the  am orphous state. 

The u se  of fragility index values in com paring the stability  of different glasses has  

been elaborated. Since the  absorbed  w ater can  affect Tg of the  am orphous sta te  

and  ultim ately the  estim ation  of fragility index it is necessary  to control the  w ater 

con ten t of the  sam ple and  the  RH conditions of m easurem ent.

• The p lastic isation  effect of absorbed w ater w as dem onstra ted  for the  am orphous 

sta te  of indom etacin  and  nifedipine using  hyper DSC. W hereas absorbed  w ater 

lowered Tg gradually  and  continually  for am orphous indom etacin, the effect w as 

different for am orphous nifedipine. ACp lowering effect of absorbed  w ater w as 

m ore p ronounced  in  the  case of am orphous nifedipine a s  com pared to 

indom etacin. At h igher RH it w as difficult to visualize the  g lass tran sition  from 

ACp for am orphous nifedipine. In the  case of am orphous indom etacin  the 

p lastic isation  effect deviated from the  Gordon Taylor prediction. The observed 

deviation could be due to uneven w ater d istribu tion  in the am orphous solid. 

Hyper-DSC w as used  successfully  to study  m any a ttr ib u tes  of the  plasticizing 

effect of absorbed  w ater for am orphous solids e.g. b roadening of ATg, lowering of 

ACp, m ultiple g lass tran sitions  and  collapse of the  glassy sta te  (from absence of a  

relaxation event for am orphous indom etacin  a t 93.7%RH).

• S tepScan DSC w as u sed  to separa te  the g lass tran sition  response from enthalpy  

recoveiy. This enabled the  aging study  of the  am orphous sta te  a t  different 

tem pera tu res  below Tg. The m olecular mobility w as estim ated  using  the  em pirical 

KWW equation  for th ree glasses of indom etacin , nifedipine an d  lactose. A 

com parison of m olecular mobility am ong these  g lasses could be perform ed in  order 

to study  the ir crystallizing tendency. The lowering of aging tem pera tu re  below Tg 

w as accom panied w ith increase in average relaxation tim e (hence decrease in 

m olecular mobility) for all th ree  g lasses. F u rth e r  lowering of aging tem pera tu re  

resu lted  in extrem ely long relaxation tim es, w hich could no t be m easu red  using  

the cu rren t model. This tem pera tu re  could be n ea r to the  zero mobility 

tem pera tu re  (Tk), w here m olecular mobility is ab sen t in am orphous solids. The 

relaxation process an d  hence m olecular mobility could be successfully  studied 

using  S tepScan  DSC coupled w ith the em pirical KWW equation.
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Chapter 4  G ravim etric s tu d ie s  on th e

in te rac tio n  o f w ater 

vapour w ith  am orphous 

solid
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4 .0  G ravim etric stu d ies on  the in teraction  o f  w ater vapour w ith  am orphous 

solid

The am orphous sta te  reportedly in te rac ts  very differently w ith w ater vapour as 

com pared to the  crystalline sta te , allowing relatively m ore free access to the  ingress of 

the  w ater vapour (Ahlneck and  Zografi, 1990) w hich is th en  held in the  am orphous 

sta te  as  a  sorbed w ater. The sorbed w ater can  influence m any physical and  chem ical 

properties of the  am orphous solid.

The am orphous s ta te s  of different su b s tan ces  have different in terac tions w ith w ater 

vapour, w hich fu rth e r depends on the  physicochem ical properties of the  am orphous 

form e.g. glassy or rubbery  na tu re . In th is  ch ap te r of the  in teraction  of w ater vapour 

w ith am orphous sta te  of lactose, indom etacin  a n d  nifedipine a t  different iso therm al 

conditions is reported.
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4 .1  Interaction  o f  water vapour w ith  am orphous lacto se

The w ater vapour sorption for the am orphous lactose w as stud ied  by exposing the 

am orphous solid to a  stepw ise increm ent in  RH, w hilst continuously  recording the 

weight change a s  described in m ethods (section 2.8.2.2).

4 .1 .1  Water sorption  isotherm  o f  am orphous la cto se

I
605020 30 40100

%RH

Figure 4-1: W ater vapour sorption isotherm  for am orphous lactose 25°C; shape  of the 

isotherm  very sim ilar to Type II. Dotted circle show s the  shou lder an d  arrow s show 

inflection po in ts on the isotherm .

The w ater vapour sorption behaviour of am orphous lactose a t 25°C is show n in Figure

4-1. The am oun t of w ater vapour up take  into the  am orphous solid increased  w ith the 

increase in  RH; a t  55%RH abou t 12% w ater w as abso rbed  for the  dry weight of the  

solids. A sigm oidal iso therm  w ith w as observed in the  0-55%RH range. Above 55%RH 

the  spon taneous loss of absorbed  w ater w as observed. It h a s  been reported  th a t 

am orphous lactose absorbed  >11% of the  w ater w hen exposed to 75%RH, followed by 

spon taneous desorp tion  due to crystallisation  of am orphous lactose (Lane and  

Buckton, 2000). Such  a  high am o u n t of w ater sorption is no t u n u su a l for am orphous 

solids e.g. am orphous PVP K-90 absorbed  ab o u t 60%  w ater (O ksanen an d  Zografi, 

1990). A lthough the shape  of the  w ater sorption iso therm  resem bles type II BET- 

isotherm  (B runauer et al., 1940) its physical m eaning  could be m isleading. A type-II 

BET 2 isotherm  h a s  a n  initial linear adsorp tion  followed by an  inflection due to 

m onolayer coverage of the  gas m olecules an d  th en  steep cu rva tu re  due to m ulti-

A type II BET isotherm could be exemplified by adsorption of nitrogen on iron catalyst at -195°C.



115

layered adsorp tion  or condensation. Although the  m odified BET equation  takes^ into 

accoun t the  different adsorp tion  processes viz. in itial m onolayer followed by m ultilayer 

adsorp tion  an d  th en  condensation  it fails to accoun t for the  changes in the  physical 

n a tu re  of the  adsorben t. It is now widely estab lished  th a t  the  absorbed  w ater lowers 

Tg an d  increases m olecular mobility (O ksanen and  Zografi, 1990). The p lasticisation  

effect of absorbed  w ater m eans th a t  a t a  certa in  level of absorbed  w ater (Wg) diy  Tg 

would be lowered to the  experim ental tem pera tu re ; after w hich the  am orphous, glassy 

sta te  w ith high viscosity would transform  into a  less viscous rubbery  sta te . The 

rubbery  sta te  could exhibit different w ater u p tak e  ch arac te ris tics  a s  com pared  to the  

glassy state . The BET equation does no t accoun t for any change in the  physical 

n a tu re  of the  adsorben t.

The following po in ts on the iso therm  were estim ated  to study  the  in terac tion  of w ater 

w ith the lactose.

4 .1 .1 .1  Critical point: 1; th e  o n se t o f m olecular m obility

The first critical point on the  w ater sorption iso therm  corresponding  to m onolayer 

coverage of w ater m olecules w as calcu lated  using  the  BET equation  (equation 11). It 

could be assum ed  th a t the  initial linear p a rt of the  w ater sorption iso therm  (before the 

shoulder) w as due to adsorp tion  of w ater, w ithout significant effect on the  physical 

s ta te  of am orphous lactose. The linear p a rt fitted to BET equation  (equation 11) is 

show n in Figure 4-2.

W m R H m T g m T g m - T

2.5% w /w 17.2% 74.3°C 49.3

®2.5%w/w ^16.0% a-b83.0°C «58.0

Table 4-1: BET p aram eters  calcu lated  u sing  the linear p a rt  of w ater sorption

iso therm  ( 0 - 2 5 % R H )  for am orphous lactose a t  2 5 ° C  ; W m -  am o u n t of w ater for 

m onolayer coverage, R H m -  Relative hum idity  corresponding to W m ,  T g m -  glass 

tran sition  tem pera tu re  of b inaiy  m ixture contain ing  am orphous lactose an d  sorbed 

w ater, T- experim ental tem pera tu re . » lite ra tu re  values (Lechuga-Ballesteros e t al.,

2 0 0 3 ) ,  b  m easu red  using  D S C .

 ̂The modified BET equation is used to explain sigmoidal shape of the isothemi
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Figure 4-2: BET plot for w ater sorption behaviour of am orphous lactose a t 25°C.

The m onolayer volume coverage calcu lated  u sing  the  y-in tercept of the  linear plot 

equated  to 2 .5% w /w  of w ater. Tg of the  b inary  system'* contain ing  2 .5% w /w  of sorbed 

w ater in am orphous lactose w as estim ated  to be 75.1°C, w hich is c.a. 50.1°C higher 

th a n  the  experim ental tem pera tu re  (T=25°C). The m olecular m obility stud ies 

perform ed for dry am orphous lactose indicated  undetec tab le  m olecular mobility a t Tg- 

45 to Tg-55 (Section 3.4.3). It could be fairly argued  th a t  the  b inary  m ixture of 

am orphous lactose and  w ater lacked m olecular mobility below 2.5% w /w  of w ater 

con ten t a t 25°C^. Any am o u n t of w ater sorbed, beyond 2.5 % lead to increase in 

m olecular mobility. Since w ater con ten ts  of 2.5%  correspond to m onolayer volume 

coverage (which is in the  region of shoulder on w ater sorption isotherm ); it is likely 

th a t  m onolayer coverage and  shou lder on the  iso therm  correspond to the  onset of 

m olecular mobility in the  am orphous binary m ixture. The values of w ater con ten t and  

RH w hich induce m olecular mobility in am orphous lactose are show n in Table 4-1. 

The values estim ated  in th is  work m atch  w ith the  reported  values.

Tg of the binary mixture containing amorphous lactose with absorbed water could be estimated using 
Gordon Taylor equation (Equation 15-17).
 ̂ Since Tg of the binary system with amorphous lactose and 2.5% water is >50°C higher than the 

experimental temperature 25°C.
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4 .1 .1 .2 Critical point: 2; water induced g lass tran sition  o f  am orphous  

la cto se

0.40

Differential water sorption 

Water uptake (% w /w  ) . 0.35 S10-

I
I 0.25 c

I 0.204 -

0.15

0.10
50 6040300 10 20

%RH

Figure 4-3: M ass change differential am orphous lactose a t 25°C along w ith w ater

sorption isotherm ^. Arrow show s the  am oun t of sorbed w ater required  to lower dry Tg 

to experim ental tem pera tu re  (25°C) (calculated by Gordon Taylor Equation).

The tran sitio n s  induced  in am orphous lactose due to w ater sorption could be seen 

more distinctly  by plotting the  differential of w ater sorption isotherm . In Figure 4-3, 

the  differential change in  m ass  for each  step  increase in RH is plo tted  and  com pared 

w ith the w ater sorption isotherm  a t 25°C. The differential weight change w as 

calcu lated  by m easu ring  additional w ater absorbed  during  each 5% step  rise in  RH. It 

could be seen from Figure 4-3 th a t a t each  step  change in RH betw een 25-40%RH, the 

sam ple sorbed m ore w ater th a n  the  previous step  an d  a  m axim um  w as reached  a t 

40%RH. From the  differential w ater sorption behaviour there  could be two critical 

po in ts on w ater sorption isotherm ; first a t 25%RH w here there  w as a  rise in w ater 

sorption and  second a t 40%RH w here differential sorption reached  a m axim um . If the 

rise in differential w ater up take  a t  25%RH could be linked to any  p a rticu la r process 

(e.g. m olecular rearrangem ents), it is very likely th a t  the  processes w hich were 

induced  in am orphous lactose a t 25%RH were approach ing  the  com pletion a t 

40%RH^. The RH required  causing  sufficient w ater sorption to lower dry Tg to the  

experim ental tem p era tu re  25°C, (calculated by Gordon Taylor equation) equated  to 

abou t 37%RH.

Part of water sorption isotherm before spontaneous crystallisation, which resulted in desorption of 
water.
 ̂Since beyond 40%RH there was a drop in differential water sorption over 45-55%RH, which is different 

from onset of crystallisation initiated at 60%RH (Figure 4-3).
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Figure 4-4: A m ethod described to estim ate RH, which induces a glass transition  in 

am orphous lactose a t 25°C. The isotherm  was obtained by ram ping RH at the rate of 

6% RH /h (from (Burnett et al., 2004).

In a recent study on am orphous lactose a sorption isotherm  w as obtained by 

continuously ram ping RH (instead of a stepwise RH ramp) (Figure 4-4) (Burnett et al.,

2004). The curved region on the isotherm  between 15-45%RH was related to a  change 

in w ater up take phenom ena by am orphous lactose from adsorption to absorption and 

the point of intersection of tangents draw n to curved regions was claimed as a point of 

glass transition  (Figure 4-4). It is possible th a t the RH value corresponding to the 

point of intersection of two tangents may also correspond to the glass transition  event 

b u t it is always arguable w hether or not the process of w ater up take changes from 

adsorption to absorption in th is region.

4 .1 .1 .3 Critical point: 3; the collapse in am orphous lactose

The RH value a t which the differential w ater up take  (Figure 4-3) was first time lower 

than  the previous RH step (50%RH) could be correlated to collapse in the s truc tu re  of 

am orphous lactose. Since the collapse follows glass transition  it w as evident th a t 

am orphous lactose existed in the rubbery state  a t 50%RH.
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4 .1 .2  Water sorption  k in etics  o f  am orphous lacto se
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Figure 4-5: Dynamic vapour sorption trace for am orphous lactose w ith stepwise

increm ents in the RH at 25°C.

The weight change in am orphous lactose recorded dynam ically a t each  step  of RH at 

25°C is shown in Figure 4-5. The w ater sorption behaviour could be divided into three 

RH regions. The first RH region, u p  to 20%RH w ith sm all w ater up take  b u t rapid 

equilibration; the  second RH region of sm all w ater u p take  w ithout equilibration (25 to 

35%RH) and  the  la s t region of high w ater up take  w ith rap id  equilibration (40 to 

45%RH). A com parison of w ater sorption behaviour of am orphous lactose a t 

individual RH steps is  shown in  Figure 4-6. Each trace in  Figure 4-6 is  a  w ater 

sorption response for a  5%RH increase for the  s ta ted  RH value (e.g. 15% is the step 

from 10-15%RH). The lines for 15 an d  20%RH fall exactly on top of each  other; such  

behaviour m ay be expected w hen w ater is  adsorbed on the  powder surface*. The line 

for 25%RH show s slight deviation fi-om the  20K)RH fine on extended exposure (after 

100 min.). This m eans a t 25%RH am orphous lactose is showing veiy slow b u t g radual 

w ater up take w ithout equilibration after 4 h. The fine for 30%RH show s m ore rapid  

w ater up take  th a n  25%RH b u t w ithout equilibration. At 35%RH w ater u p take  w as 

m ore rap id  a s  com pared to 30%RH b u t the equilibration did no t occur in  4h. The 

w ater up take  a t 40 and  45%RH w as more rap id  th a n  the previous RH steps and  the 

equilibrium  w as reached  w ithin 2 h.

 ̂Since RH was increased in same amount each time (i.e.5% step), a same amount of weight gain would 
follow until the process of adsorption is uniform.
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Figure 4-6: W ater vapour up take  a t individual RH conditions in  the stepwise ram p for 

am orphous lactose a t 25°C.

A ssum ing th a t the w ater, up take  process continues w ith form ation of hydrogen bonds 

betw een w ater and  lactose m olecules a n d /o r  w ater and  w ater m olecules, the 

availability of binding sites on lactose accessible to w ater m olecules would decide the 

ra te  and  extent of w ater up take. The initial sm all w ater up take  with equilibration (at 

15 and  20%RH) could m ean th a t bonding sites a t the  surface are getting covered. The 

slow w ater up take  w ithout equilibration (at 25, 30 and  35%RH) could m ean  additional 

bonding sites are being created  w ith the progressing w ater up take. The increase in  

ra te  of w ater up take  a t 30, 35 an d  40%RH could m ean th a t w ater m olecules are 

penetrating  into the bu lk  of the  powder an d  creating channels  for the  fu rther diffusion 

of w ater m olecules to the  core of the  particle. The ra te  and  extent of w ater u p take  w as 

m uch  higher a t 40 and  45%RH th a n  a t any o ther RH step indicating free diffusivity of 

w ater m olecules th roughou t the  bu lk  of the  powder. The free diffusivity of w ater 

m olecules could be linked w ith reduced viscosity of am orphous solid or the  powder 

h a s  transform ed from highly viscous, glassy s ta te  into m uch  less viscous, rubbery  

state .
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4 .1 .3  The effect o f  tem perature on water sorption  by am orphous lactose
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Figure 4-7: The effect of tem peratu re  on w ater sorption iso therm s of am orphous

lactose; arrow s indicating the RH corresponding to Wg^ (am ount of w ater required to 

lower dry Tg to experim ental tem perature).

Tem perature

T(°C)

Weight of w ater sorbed before 

onset of CiystaUisation (Wcry) 

(%w/ w)

Tgcr>

(GT equation) (°C)

25 11 .9% 1.1

30 11 .2% 5.3

35 10.3 % 10.2

40 9.6 % 13.9

Table 4-2: The am ount of w ater sorbed (Wciy) required  to induce spon taneous

crystallisation in  am orphous lactose as a  function of iso therm al tem perature; Tgciy -  

Tg of am orphous lactose containing am ount of w ater con ten t corresponding to Wciy.

The effect of tem perature  on  w ater up take  properties of am orphous lactose is show n in 

Figure 4-7. W ater up take  w as least affected a t 5%RH w ith the  change in tem peratu re  

from 25 to 55°C. Beyond 5%RH the  sorption lines are separa ting  indicating clear 

differences in  w ater u p take  properties of am orphous lactose w ith change in 

tem perature. The up take  of w ater increased  w ith the increase in  tem pera tu re  a t the 

sam e RH. W hereas the  am oun t of w ater u p take  required  for inducing spon taneous

Wg was calculated using Gordon Taylor equation.
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crystallisa tion  w as lowered w ith the increase in tem pera tu re . C onsidering the  process 

of w ater sorption as  an  exotherm ic process the  am o u n t of w ater u p tak e  w as expected 

to decrease w ith an  increase in tem pera tu re  for the  sam e RH an d  th is  is widely 

reported  for polym ers (O ksanen an d  Zografi, 1990) a n d  carbohydrates (Hancock an d  

D alton, 1999). The estim ation  of equilibrium  w ater u p tak e  value in the  m id RH region 

(25-35%RH) w as difficult even after longer exposure tim e (7h) a t each RH step. 

U nder the  tim e scale of the  cu rre n t experim ent, an  increase in  w ater up tak e  w ith  an  

increase  in tem pera tu re  could be linked to m olecular mobility in  the  am orphous sta te . 

It is th u s  possible to correlate increase in m olecular mobility (due to increase  in 

tem perature) to increase in w ater holding capacity  of am orphous lactose.
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Figure 4-8: The ex ten t to which T g  of the  am orphous lactose w as reduced  below the  

experim ental tem pera tu re  (Tgcry-T) to induce the  spon taneous crystallisation , show n 

a s  a  function of tem peratu re .

The am o u n t of w ater sorbed a t each tem pera tu re  to induce the  sp o n tan eo u s 

crysta llisa tion  in the  am orphous lactose (Wciy), is show n in Table 4-2. It is no t tru e  

th a t  am orphous lactose will be unab le  to crystallise below Wciy b u t a t Wcry the  

crysta llisa tion  response  w as spon taneous. The value of Wciy decreased  w ith  a n  

increase in  tem pera tu re  an d  th is  w as accom panied w ith rise in  Tgcry of b inary  m ixture  

predicted  using  Gordon Taylor equation  (Table 4-2). The ex ten t to w hich the  g lass 

tran s itio n  tem pera tu re  of b inary  m ixture w as reduced  below experim ental tem p era tu re  

( T g c r y - T )  to induce the  spon taneous crysta llisa tion  in am orphous lactose is show n a s  a

The longer exposure time was not feasible considering the availability of the DVS.
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function of tem pera tu re  in  Figure 4-8. Tgciy - T  rem ained  co n stan t initially over 25- 

40°C an d  th en  s ta rted  falling over 40-50°C. Tgcry - T  could be correlated  to the  barrier 

for spon taneous crystallisation. Reduction in the  values beyond 40°C could m ean  the 

reduction  in the  barrier as  the  tem pera tu re  w as increased.
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4 .2  Interaction  o f water vapour w ith  am orphous indom etacin

Indom etacin being hydrophobic in  n a tu re  w as expected to in te rac t differently with 

w ater vapours a s  com pared to am orphous lactose.

4 .2 .1  Water sorption  isotherm  for am orphous in d om etacin
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Figure 4-9: W ater vapour sorption isotherm  for am orphous indom etacin  a t 25°C.

The w ater sorption iso therm  for am orphous indom etacin  is show n in Figure 4-9. The 

shape of the  iso therm  w as sim ilar to a  type-III BET iso therm  The w ater sorption 

behaviour for the  am orphous indom etacin  w as different th a n  th a t  observed for 

am orphous lactose (which w as type-II BET). A type-III iso therm  w as observed for 

w ater sorption by am orphous Glucose a t 40°C (Zhang and  Zografi, 2000), Tg of dry 

glucose being 30±4°C. Since am orphous G lucose a t  -10°C followed the  type-11 w ater 

sorption iso therm  it w as also concluded th a t  a  type-111 iso therm  w ould be observed for 

the  am orphous s ta te  w hen the  experim ental tem p era tu re  w as above the  Tg. In th is  

work a Type-111 isotherm  w as observed for am orphous indom etacin  a t 25°C, Tg in dry 

s ta te  (c.a.48°C) being m uch  h igher th a n  the experim ental tem peratu re .

' Type-111 isotherm is exemplified by adsorption of bromine on silica gel at 79°C (Cameron and 
Reyerson, 1935), silica gel being in the glassy state the curvature in the isotherm was explained to be due 
to multilayer adsorption and capillary condensation.
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The tran sitio n s  in am orphous indom etacin  could no t be observed a s  a  resu lt of w ater 

up take  from the  sorption isotherm  a t 25°C (Figure 4-9). This w as in  com parison w ith 

w ater up take  by am orphous lactose, where the  spon taneous crysta llisa tion  could be 

clearly followed by a  sudden  weight loss or desorp tion  of absorbed  w ater. The value of 

Wg predicted  from the  Gordon Taylor equation  for 25°C w as m ore th a n  2.5% w /w  

indicating th a t  the  bu lk  of am orphous indom etacin  existed in a  glassy s ta te  a t 

90%RH. A lthough the possibility of a  phase  tran s itio n  could be observed for 

am orphous indom etacin  stored a t 84.3%RH (Section 3.3.1) from the  DSC scans.
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4 .2 .2  Water sorption  k in etics  for am orphous indom etacin
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Figure 4-10: Dynamic vapour sorption trace for am orphous indom etacin w ith

stepwise increm ents in the  RH a t 25°C.

The dynamically recorded weight change of am orphous indom etacin with a  stepwise 

increm ent in RH at 25°C is  show n in  Figure 4-10. The equilibration w as observed a t 

all RH steps w ithin abou t 180 m in of exposure. A com parison of w ater u p take  during 

different RH steps  is  show n in  Figure 4-11 a t 25°C. The am oun t an d  rate  of w ater 

up take  a t each  RH step w as higher a s  com pared to the steps before (except for 20%RH 

w here it w as lower th a n  10%RH step). It w as possible only w hen the sorbed w ater w as 

m aking the channels  for the  fu rther up take  of the  water. This indicated  the  diffusivity 

of the  w ater a s  a  ra te  lim iting step  in  the w ater vapour u p take  by the am orphous 

indom etacin. The increase in  the  step  size a t each  progressive RH indicated  the  w ater 

vapour being d istribu ted  from the surface to the  core of the  am orphous particle. The 

differential d istribu tion  of the  sorbed w ater could also lead to differential plasticisation 

of the  am orphous particle w ith the  surface being plasticised to a  g rea ter ex ten t th a n  

the core. There were no signs of ciystaU isation in  am orphous indom etacin  due to 

exposure to w ater vapours over the  experim ental tim e scale a t 25°C.
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Figure 4-11: A com parison of w ater vapour up take  for different RH steps from the 

stepwise RH ram p for am orphous indom etacin a t 25°C.

The up take  of w ater vapour a t each  RH from the step  wise ram p is show n in  Figure 4- 

11. Each line in  Figure 4-11 is  the  w ater sorption response for a  lO^oRH increase to 

the s ta ted  RH value (e.g. 2QfVoRR is the step  from 10-20%RH). The extent of w ater 

up take  a t each  RH step  could be seen from the weight change value a t which a  

p lateau  w as observed. W hereas the rate  of w ater up take  could be seen from the initial 

curvature  of each  Une, the  higher the  curvatu re  the  faster w as the w ater up take. It 

could be seen from Figure 4-11 th a t  the  rate  and  extent of w ater up take  increased 

progressively w ith an  increase in  RH. The up take  of w ater vapour a t 80 and  90%RH 

w as m uch  higher th an  w ater up take  a t o ther RH values.

It w as noticed for am orphous indom etacin sam ples exposed to different RH conditions 

th a t at RH < 84%  the am orphous s ta te  existed as  a  collapsed sta te  or a  rubbery  sta te  

(section 3.3.1). The higher rate  and  extent of w ater up take  a t 80 an d  90%RH as  

com pared to lower RH values could be Unked to the  presence the am orphous soUd in 

the  rubbery  s ta te  a s  opposed to a  glassy state .
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4 .2 .3  The effect o f  tem perature on th e  water sorption by am orphous 

indom etacin
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Figure 4-12: The effect of tem pera tu re  on  the the w ater vapour u p take  by am orphous 

indom etacin.

The effect of tem pera tu re  on  the w ater sorption iso therm  of am orphous indom etacin is 

shown in Figure 4-12. At 10%RH there w as little difference in  w ater sorption over 25 

to 45°C b u t from 20 to 60%RH w ater sorption followed different tren d s  w ith changing 

tem perature . For any RH value, w ater sorption a t 25°C w as s imila r to 30°C and  at 

35°C w as sim ilar to 40°C b u t w ater sorption a t 25 and  30°C w as lower th a n  35 and  

40°C and  w ater sorption a t 45°C being the m aximum . This behaviour w as against 

w ater sorption norm s w hich follows a  decrease in  w ater u p take  w ith the rise in  

tem perature. There could be two reasons for th is , one the equilibrium  w as no t 

reached  in  the  experim ental time scale (180 mins) or two the am orphous sta te  of 

indom etacin w as absorbing an  increased  am ount of w ater w ith increased  tem perature  

due to increased  m olecular mobility. For 40 an d  45°C, the  w ater sorption w as lower a t 

70%RH th a n  the w ater sorption a t 25 and  30°C. At 80 an d  90%RH for 40 an d  45°C, 

am orphous indom etacin s ta rted  loosing w ater a s  a  sign of ciystalH sation, the  effect 

w as more pronounced a t 45°C. At 80%RH, the  w ater up take  a t 25 and  30°C w as 

sim ilar to the  w ater u p take  a t 35°C indicating increased up take  a t 25 an d  30°C. At 

90%RH the w ater up take  followed the  norm  w ith 25°C>30°C>35°C.
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Figure 4-13: The w ater vapour up take  a t individual RH conditions in  the  stepw ise 

ram p for am orphous indom etacin.
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Figure 4-14: The w ater vapour up take  a t individual RH conditions in  the  stepwise 

ram p for am orphous indom etacin.

The w ater vapour up take  a t each  RH from the step  wise ram p is show n in  Figure 4-13 

and  Figure 4-14. The higher w ater up take  a t 80 and  90%RH (for 25°C) (Figure 4-11) 

a s  com pared to the  w ater up take  a t lower RHs w as correlated to the  existence of 

am orphous indom etacin in  a  rubbery  s ta te  a t >80%RH (Section 4.2.1). At 30 and  

35°C the up take  of w ater vapour increased m ore gradually  a s  com pared to 25°C (for
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80 and  90%RH). A gradual increase in  w ater up tak e  (as seen  for 30°C) is possible 

w hen transform ation  from the  glassy to rubbery  form is partia l or lim ited to only a 

p a rt of the  solid sam ple a s  opposed to a  bu lk  transform ation . As am orphous 

indom etacin  is hydrophobic, a  uniform  d istribu tion  of w ater absorbed  w ater vapour 

m ay not be possible. Since w ater up take  should  take  place from the  surface of a  

particle there  could be localization of sorbed w ater a t  the  surface. In such  a  scenario 

it could be possible th a t  the surface of particle getting plasticised preferentially ra th e r 

th a n  the whole bulk  an d  the process th u s  in itia ted  a t the  surface would continue 

slowly to the  bulk. The preferential surface p lastic isation  is m ore p ronounced  w hen 

tem pera tu re  difference betw een Tg an d  T is lower, w here a  sm all am o u n t of w ater 

absorbed  could lower the  Tg to T. The rise in  experim ental tem pera tu re  from 25°C to 

35°C for am orphous indom etacin  lowered Tg-T from ab o u t 20 (at 25°C) to 10°C (35°) 

hence the  sm all am o u n t of w ater sorbed a t the  surface could easily lower Tg to T. The 

g radual p lastic isation  from surface to bu lk  could lead to w ater sorption isotherm  

devoid of any sudden  changes in weight gain a t  a  pa rticu la r RH.

Although there  were noticeable differences in w ater sorption behaviour of am orphous 

indom etacin  am ong individual RH and  tem pera tu re  conditions it w as difficult to define 

the  conditions for p lastic isation  and  tran sition  into the  rubbeiy  s ta te  a s  there  were no 

obvious b reak  po in ts in the  isotherm .
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4 .3  Interaction o f  water vapour w ith  am orphous nifedipine

The up take  of w ater vapour by am orphous nifedipine (quench cooled) is  show n in 

Figure 4-15. It could be seen th a t  from 0-50% RH, the  w ater vapour up take  increased 

gradually  b u t after 50% RH it w as slowed down (Figure 4-15). The slowing down of 

w ater vapour up take  beyond 50%RH could be due ciystaU isation of am orphous 

particles a t the  surface, the  crystals formed a t the  surface covers the  am orphous core. 

The surface ciystaUisation of am orphous terfenadine h a s  been reported  (Sam ra and  

Buckton, 2004); the  crystallised form a t the  surface blocked the fu rther ingress of 

w ater m olecules and  th u s  prevented ciystaUisation a t the  core of a  particle.
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Figure 4-15: The w ater vapour sorption of am orphous nifedipine (quenched cooled) at 

25°C.

A dynamicaUy recorded w ater sorption profile for the  spray dried (SD) am orphous 

nifedipine is  show n in  Figure 4-16. The shape of w ater sorption isotherm  observed for 

SD nifedipine a t 20°C w as sim ilar to type-III isotherm  (Figure 4-18). A com parison of 

w ater sorption for SD nifedipine a t individual RH step  is  show n in Figure 4-17. The 

am oun t of w ater absorbed a t each  RH step  s ta rted  increasing beyond 40%RH and  

reached a  m axim um  value a t 90%RH.
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Figure 4-16; The w ater vapour sorption of spray dried am orphous nifedipine a t 20°C.
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Figure 4-17: The w ater vapour up take  a t individual RH conditions in  stepwise ram p 

for spray dried am orphous nifedipine a t 20°C.
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The w ater up take  a t 60 an d  70% RH could no t reach  the equilibrium  value, indicating 

a  sorbed w ater induced transition  in SD am orphous nifedipine, a s  d iscussed  for 

am orphous lactose. The w ater vapoui sorption a t 20°C did no t show  any indication of 

CiystaUisation in SD nifedipine a s  the sam ple did no t show  any loss of the  sorbed 

water.
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Figure 4-18: The effect of tem peratu re  on the  w ater vapour up take  of spray  dried 

am orphous nifedipine.

The effect of tem peratu re  on w ater vapour up take  by SD nifedipine is show n in  Figure 

4-18. W ater vapour up take  for SD nifedipine decreased w ith increase in  tem perature, 

th is  m ay be due to aging of the am orphous state . It could be recaUed from section

3.4.1 th a t am orphous nifedipine exhibited veiy short relaxation tim e near the  g lass 

transition  tem perature . Aging of the  am orphous soHd caused  reduction  in  free volume 

and  hence can  potentiaUy reduce w ater sorption potential of am orphous solids. In the 

case of am orphous trehalose the aging process caused  reduction  in  the  am oun t of 

w ater up take , although beyond a  certain  RH it sorbed the sam e am oun t of w ater 

irrespective of the  extent of aging (S urana  e t al., 2004a). The aging in  SD nifedipine 

w as irreversible or could no t be erased  due to w ater sorption a s  observed for w ater 

sorption of trehalose
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4 .4  A com parison o f water vapour sorption  by am orphous lacto se , 

in d om etacin  and nifedipine

Although am orphous, the th ree  com pounds (lactose, indom etacin  an d  nifedipine) 

exhibited different w ater up tak e  and  holding properties. A lthough the  BET equation  

canno t theoretically  be applied to w ater sorption iso therm  of am orphous solid, 

am orphous lactose exhibited ap p a ren t type-11 w hereas am orphous indom etacin  and  

nifedipine exhibited ap p a ren t type-111 isotherm . The sorbed w ater induced  tran sitions  

in am orphous lactose (e.g. p lasticisation , collapse and  crystallisation) w hich could be 

followed from, w ater sorption isotherm . Although su ch  tran sitio n s  canno t be denied 

in am orphous indom etacin  they were not a s  obvious from w ater sorption isotherm .

The sorbed w ater induced  spon taneous crysta llisa tion  in  am orphous lactose; th is  w as 

no t the  case w ith am orphous indom etacin. W ater vapour exposure of am orphous 

indom etacin  a t h igher tem pera tu res  (e.g. 40 and  45°C) w as required  to induce 

observable crystallisation. In the case of am orphous indom etacin  absorbed  w ater 

induced  a  slow crystallisation  process w hich m ay take several h o u rs  to days for 

completion.

The differences in w ater vapour in teraction  of am orphous lactose an d  indom etacin  

could be the d istribu tion  of the  sorbed w ater. W hereas absorbed  w ater d istribu tes 

freely th ro u g h o u t the bulk  of the  solid in the  case of am orphous lactose, it m ay be 

localised preferentially a t the  surface for am orphous indom etacin , th is  differential 

w ater d istribu tion  m ay lead to only a p a rt of the solid undergoing tran s itio n s  as  

opposed to the  bu lk  transitions.

At any given RH, the am oun t of w ater up tak e  w as increased  w ith an  increase in 

iso therm al tem pera tu re  for am orphous lactose and  am orphous indom etacin . This 

effect w as a ttr ib u ted  to an  increase in m olecular mobility w ith the  increase in the 

tem pera tu re . In the case of am orphous nifedipine increasing the iso therm al 

tem pera tu re  led to a  decrease in w ater up tak e  a t all RH values.
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5 .0  M icrocalorim etric stu d ies  on th e  in teraction  o f  so lven t vapour w ith  

am orphous solid

In the  previous section, the  in teraction  betw een am orphous solid an d  w ater vapours 

w as stud ied  gravim etrically (Section 4.0). In th is  p a rt of thesis, the  in teraction  

betw een am orphous solids and  solvent vapour is reported  using  calorim etry, w hich 

detects the  h ea t flow generated  a s  the  am orphous solids are  exposed to solvent 

vapour.

5 .1  T heoretical background for calorim etric stu d ies

W hen the  solid surface is exposed to solvent vapour, the  process of adso rp tion  of 

vapour on the  solid surface takes  place, w hich can  be expressed a s  follows,

A ^ B

W here A is the  n um ber of active sites on the  solid, G is the  concen tra tion  of solvent 

vapour an d  B is the  num ber of sites on the  solid surface occupied by vapour 

m olecules. The h ea t exchange due to th is  reaction  can  be expressed by equation  22. 

dQ  db
 = —A // —  Equation 21
dt dt

W here AH rep resen ts  h ea t of form ation of B an d  d b /d t  is a  kinetic pa ram ete r which 

rep resen ts  the  ra te  of reaction. According to equation  22 the power o u tp u t recorded 

would be proportional to the  ra te  of reaction w ith the  h ea t of reaction being a  c o n stan t 

param eter. For exotherm ic reactions h ea t will be released  and  AH will be negative, 

generally a  bond form ation process is considered to be exotherm ic (e.g. adsorp tion  of 

gases on a  solid surface and  transform ation  of am orphous sta te  into crystalline state). 

On the  o ther h an d  endotherm ie reactions will have a n  in take of h ea t from  the 

su rround ings an d  AH value would be positive, the  bond breaking  p rocess is 

considered as  endotherm ie (e.g. de-sorption of gases from a  solid surface).

The equation  22 could be e laborated  a s  equation  23 (Bakri and  Lechuga-B allesteros, 

1999).

P  = = A//A:[(« — \)k t + {Aq )* ” Equation 22

W here P is the  power o u tp u t a t tim e t, n  is the  order of reaction  (n= l,2 ,3 ....) , k  is the 

reaction ra te  co n stan t an d  Ao is the  nu m b er of active sites available a t  tim e t=0.



138

For zero order reaction equation  23 could be expressed a s  equation 24.

P = -A H k ,

W here, ko is  the  zero order ra te  constan t.

Eîquation 23

For a  zero order reaction, the  rate  of reaction is  independent of num ber of active sites 

hence the power ou tpu t signal would be a  stra ight flat line a s  shown in  Figure 5 - IB.

W hereas in the  case of first order reaction equation 23 could be expressed a s  equation

25.

P = àHk^A^e -k,t Equation 2 4

W here, ki is the  first order rate  constant.

Initially the power o u tpu t signal would be high, due to the large n um ber of reactive 

sites available, vdiich then  decays exponentially over a  tim e period. The shape of the 

power ou tpu t signal obtained for a  first order reaction could be sim ilar to Figure 5-1 A.

ET

Tim e

Figure 5-1: The shape of power o u tp u t signal obtained by a  calorim eter for first (A) 

and  zero (B) order reactions. The different fines in  A exemplify the different shapes 

due to different Ao and  ki; w hereas the  different fines in  B exemplify differences only 

due to different Ao.

Although the kind of reaction (zero order, first order etc.) can  be estim ated  from the 

power ou t data, it is not u n u su a l to encounter m ultiple parallel reactions (different 

reactions occurring a t the  sam e time), chain  reactions (product of first reaction  being 

the reac tan ts  for second reaction) or change in  the order of the  reaction a t some time 

point etc. The power o u tp u t signal in su ch  cases can  show  m uch  complex changes 

and  hardly  give any inform ation abou t the  k ind of reaction taking place. The m ajor 

draw back of the  calorim etric s tud ies  is th a t  it records to ta l h ea t an d  is non-specific 

abou t the k ind of the  reaction taking place Buckton 1999.
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5 .2  Interaction o f  water vapour w ith  am orphous lactose

The gravimetric w ater sorption stud ies indicated  complex in teractions betw een w ater 

vapour and  am orphous lactose. The power o u tp u t signal obtained by a  serial ram p  of 

RH (3%RH/h) for am orphous lactose indicated  a  few clear transitions (Figure 5-2). 

Initially power o u tpu t w as exothermic which increased rapidly over the first 10%RH 

after th a t it rem ained steady  u n til abou t 25%RH. At 27.5%RH power o u tp u t becam e 

gradually  more exotherm ic un til abou t 48%RH after w hich it decreased slightly an d  

th en  constan t power o u tp u t w as observed over the  next 10%RH. At 60%RH power 

o u tpu t s ta rted  decreasing and  th en  formed a  p lateau  un til 67%RH after w hich it 

increased  and  th en  decreased rapidly giving a  sharp  peak. The decrease in  power 

ou tp u t signal continued un til it becam e endotherm ie.
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Figure 5-2: The power o u tp u t signal obtained by a  serial ram p of RH (3%RH/h) over 

am orphous lactose. Arrows indicate RH at w hich power ou tp u t signal changed  

indicating possible tran sitions in am orphous solid.

A sim ilar m oisture induced  therm al activity traces (MITAT) for sucrose, lactose, 

rafifinose and  sodium  indom etacin were reported before using  a  serial RH ram p 

(Lechuga-Ballesteros e t al., 2003). These au th o rs  classified the trace into different 

regions (Figure 5-2) a  low activity region. A; a  take-off point, B; a  high exotherm ic 

activity region, C and  a n  endotherm ie region, D. W hen sam ples of am orphous sucrose  

were stored in  the low therm al activity region of RH (Region A) they rem ained  

unchanged  for m ore th a n  th ree  years b u t w hen stored  a t RH above the take off point 

(Region B) they did undergo a  slight collapse. W hereas g ross s tru c tu ra l changes and  

CiystaUisation were reported in  the  am orphous s ta te  stored a t RH corresponding to 

m axim um  therm al activity (C). The value of RH corresponding to the  take off po in t (B)
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w as tak en  a s  RHm an d  the  poin t of m axim um  exotherm ic activity a s  RHp. The value of 

RHm w as also correlated  to a  lim it of hydration  for the  am orphous s ta te  or to the  point 

beyond w hich w ater activity increased. It could also be recalled from the  gravim etric 

s tud ies (Section 4.1.1.1) th a t  RHm w as the region of RH where m onolayer volume 

coverage (BET theory) w as observed for am orphous particles.

The take-off po in t (B) could be correlated to a  point w here the  in te rnal s tru c tu re  of the 

am orphous particles s ta rted  changing and  hence to a  point of mobility onset in the 

am orphous solid (RHm).
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Figure 5-3: A com parison of power o u tp u t signal obtained by a  serial ram p  of RH

(2%RH/h) over am orphous lactose w ith gravim etric d a ta  obtained  by a  sim ilar 

experim ent u sing  DVS (from (B urnett et al., 2004). Arrows indicate w ater sorption 

behaviour corresponding  to take off point (B) a n d  the m axim um  exotherm ic poin t (C). 

Wg is the  am o u n t of w ater required  to lower d iy  Tg to 25°C, calcu lated  using  Gordon 

Taylor equation.

It w as in teresting  to know w hether the  rise in power o u tp u t signal a t RHm w as due to a  

change in the am orphous sta te  of lactose (induced by absorbed  water) or due  to a  

change in m ode of w ater up take  (i.e. from surface adsorp tion  to bulk  absorption). A 

com parison of power o u tp u t signal w ith gravim etrically recorded w ater up tak e  profile 

is displayed in Figure 5-3. The w ater up tak e  profile of am orphous lactose changed  

drastically  in the  take-off region (from power o u tp u t signal Region B) w hich w as 

correlated  to RHm. Although the  take off po in t (B) in power o u tp u t signal could 

correspond to a  rise in  w ater up tak e  ra te  (hence to a  rise in  exotherm ic response), the  

possibility of any  physical tran s itio n s  in am orphous lactose (in th is  R H  region) could
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not be excluded. It w as difficult to estim ate the  changes in  the  physical s ta te  of the 

am orphous solid from power o u tpu t or gravim etric weight change d a ta  individually. 

Also show n in  Figure 5-3 is  the am oun t of w ater required to be sorbed (Wg=7.94%w/v^ 

in  order to reduce Tg of dry am orphous lactose to the  experim ental tem pera tu re  (25°C) 

and  RH corresponding to Wg (RHg=41.9%). RHg w as in  betw een RHm (take of point, 

point B) and  RHp (maximum  exotherm ic activity, point C) and  there w as no sudden  

change in  w ater sorption properties or power o u tp u t signal a t RHg.
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Figure 5-4: Power ou tpu t obtained by exposing the  am orphous lactose to a  stepwise 

ram p of w ater vapour p ressu re  (RH) in w hich the RH w as increased  in  the  steps of 

5%RH and held constan t for 6 h  before going to the  next step.

To gain more insight abou t the  tran sitions in  take off point region (point B) and  the 

region of m axim um  exotherm ic activity (point C) ano ther experim ent w as carried  out 

in  w hich the RH w as increased  in  the step s of 5% and  kept constan t for 6 h, 

corresponding power o u tp u t an d  weight change w as recorded using  TAM and  DVS 

respectively. The power o u tp u t signal obtained by exposing am orphous lactose to a  

stepw ise ram p of RH is  show n in  Figure 5-4. For each  step  change in  RH, the  power 

o u tp u t signal reached a  m axim um  exotherm ic value alm ost in stan taneously  an d  th en  

s ta rted  decaying exponentially (shape sim ilar to first order reaction Figure 5-1 A). 

Although a  baseline w as no t reached over 6h  of équilibration tim e it could be 

an ticipated  w ithin the nex t couple of hours. A sim ilar power o u tp u t signal w as 

observed over step  changes betw een 5-25%RH. Beyond 25%RH the  shape of the 

exotherm ic response w as entirely different th a n  th a t  observed un til 25%RH. At 

30% RH, the decay in  exotherm ic power o u tp u t w as m uch  slower an d  a t the end  of 6h
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did n o t reach  the  baseline. At 35%RH the  decay in  exotherm ic signal w as clearly 

superim posed  by a  shoulder. A sim ilar shou lder in the  power o u tp u t signal could also 

be observed a t  40%RH. A shou lder in  the  power o u tp u t signal w as observed in RH 

region w here it s ta rted  increasing  (RHm to RHp) du ring  the  serial RH ram p.

D uring all RH steps, the  am oun t of w ater vapour available for am orphous lactose w as 

kept c o n stan t (constan t RH) hence the  decay in power o u tp u t w as independen t of RH. 

Hence it w as possible to correlate the  availability of the  active, w ater b inding sites on 

am orphous lactose to be the ra te  lim iting step  in  the  w ater up tak e  process observed 

during  stepw ise RH ram p. The sorption p rocess a t initial steps in the  RH ram p  (5- 

25%RH) could be assum ed  to be a  pseudo first order reaction; hence the  ra te  of 

reaction is determ ined  by the  n um ber of w ater b inding sites available on the 

am orphous lactose. Beyond 25%RH, the  shape of the  power o u tp u t signal becam e too 

complex to m ake any estim ate  abou t the  kind of reaction  tak ing  place. Since the  rate  

of the  reaction (and hence the  power o u tp u t signal) w as no t influenced by the 

availability of w ater vapour, the  appearance  of a  shou lder a t  35 an d  40%RH could be 

correlated  to the changes in in te rnal s tru c tu re  of am orphous sta te . These changes in 

am orphous s ta te  increased  the  nu m b er of w ater binding sites available an d  hence 

resu lted  in  a  shou lder on the  power o u tp u t signal.

W ater vapour sorption by am orphous lactose a t 35%RH step  a t 25°C did not reach  the 

equilibrium  in 6h  b u t the  derivative of th is  line (the ra te  of the w ater vapour sorption, 

dm /d t) w as also associated  w ith a  shou lder a s  observed for the  power o u tp u t signal 

(Figure 5-5A). The d m /d t  line for 40%RH w as also associa ted  w ith a  sim ilar shou lder 

as  observed for power o u tp u t signal a t  40%RH, w hereas d m /d t  lines for 15 an d  

25%RH followed an  exponential decay (Figure 5-5B). The shape of the  d m /d t  line a t 

RH steps m atched  with the  shape  of the  power o u tp u t signal a t  respective RH values 

(Figure 5 -5A). Although the  two in stru m en ts  u sed  (TAM an d  DVS) were having 

different sensitivity (limit of detection) the  shape of power o u tp u t signal ob tained  using  

TAM followed very sim ilar changes to ra te  of w ater vapour up tak e  (dm /dt) profile 

ob tained  from DVS. C hanges in the  power o u tp u t signal (in serial ram p an d  step  

ram p) in  the  30-45%RH were m ainly rela ted  w ith changes in the  ra te  of w ater vapour 

up take . These resu lts  m atch  w ith reported  stud ies for w ater vapour in teraction  of 

am orphous sucrose stud ied  using  the double tw in iso therm al calorim eter (DTIC) 

(Lechuga-Ballesteros et al., 2003). The au th o rs  assum ed  th a t  the  h ea t of in teraction  

betw een am orphous solids an d  w ater vapour w as the  sam e a s  the  h ea t of 

condensation  of w ater vapour (under a tm ospheric  pressure). Using DTIC, th e  to tal 

power o u tp u t signal w as de-convoluted into a  power o u tp u t signal due to w ater 

sorption an d  th a t  due to all o ther processes th a t  do no t involve sorption or desorp tion  

of w ater.
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Figure 5-5; The rate  of w ater vapour up take  by am orphous lactose a t 25°C; A. a t 

35%RH; B. a  com parison betw een different RH steps. Arrows indicate the position of 

shoulder on d m /d t line (dt=5 min.).
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The au th o rs  found th a t  the  power ou t signal in  the  low exotherm ic activity region (A), 

take off point (B) and  region C (Figure 5-2) w as entirely  due to the  vapour sorption. It 

w as only during  region D, where o ther processes becam e ap p a ren t and  were related  to 

w ater induced  collapse of the  glassy phase. The inability to detect tran sitions  in 

region A-C does no t necessarily  m ean abso lu te  absence  of any tran sitio n s  b u t could be 

due to the  insensitivity  of DTIC, to deconvolute extrem ely sm all signals.

In an  a ttem p t to study  th is  issue fu rther, to tal h ea t released du ring  each  stepw ise 

increase in  RH w as in tegrated  from the power o u tp u t signal and  the  corresponding 

am o u n t of w ater sorbed a t each  step  w as estim ated  from DVS for am orphous lactose 

a t 25°C. The two experim ents were th en  com bined in  order to calcu late  the  to tal 

am o u n t of h ea t released during  one mole of sorbed w ater a t each RH step. Total hea t 

released (AH) (Figure 5-6) for each RH step  w as lower th a n  the h ea t of condensation  of 

w ater (assum ing w ater sorption process to be sim ilar to the  condensation  of water). 

The value of AH decreased  gradually  from 15%RH an d  w as lowest a t  35-45%RH after 

which it increased  again  a t 50%RH to a  value n ea r the  h ea t of condensation  of w ater 

(44 kJ/m ole).

^  30

%RH

Figure 5-6: Total h ea t released (AH) during  w ater up take  a t each  RH step  by

am orphous lactose (at 25°C), calcu lated  by in tegrating  individual exotherm ic response 

from Figure 5-4, the  am oun t of w ater up take  a t  each  RH step  w as taken  from the 

sim ilar DVS experim ent. The h ea t released du ring  condensation  of w ater a t  25°C 

u n d e r atm ospheric  p ressu re  w as taken  a s  44 k J /m o le .

Considering the  erro r associated  w ith in tegration  of power o u tp u t signal AH values 

reported  here canno t be taken  a s  an  abso lu te  value (due to the  lack of the
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equilibration u n d e r the  experim ental tim e scale) b u t could be u sed  confidently to 

differentiate betw een w ater up take  process du ring  various RH steps. At low RH (10- 

15%RH), the  value of AH w as closer to 44 k J /m o le  (heat of condensation  of water) 

indicating th a t  the  sorption process w as m ostly associa ted  w ith form ation of hydrogen 

bonds w ith solids (Figure 5-6). W hereas the  g radual decrease in  AH values over 15- 

35%RH indicated  the  presence of parallel reaction  which, com pensated  the  exotherm ic 

AH values. It w as obvious th a t w ater sorption process in  th is  RH region w as 

accom panied w ith changes in  in te rnal s tru c tu re  of am orphous s ta te  (e.g. b reaking  of 

bonds betw een m olecules in am orphous state). Since breaking  of the  bonds betw een 

m olecules is accom panied w ith an  up take  of heat, the  to tal AH value for w ater sorption 

process w ould be lowered. The extent of lowering of AH below 44 k J /m o le  indicated  

the ex ten t of deform ation in in te rnal s tru c tu re  of am orphous state; hence w ater 

vapour induced  deform ation w as the m axim um  during  35-45%RH. The take off point 

(27%RH) in power o u tp u t signal ob tained  by a  serial ram p of RH w as in the  region 

where AH values s ta rted  decreasing gradually. The region of m axim um  exotherm ic 

activity (47%RH) w as in RH range of m inim um  AH values or m axim um  in ternal 

s tru c tu ra l changes in the  am orphous lactose were observed.

It could be concluded from above d iscussion  th a t  the  take off point (point B) in  power 

o u tp u t signal from RH ram p for am orphous lactose corresponds no t only to an  

increase in ra te  of w ater vapour up tak e  b u t also corresponds to onse t of in ternal 

s tru c tu ra l changes in am orphous state .
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5.3 Interaction of am orphous indom etacin  w ith water vapour

The power ou tpu t signal obtained by exposing am orphous indom etacin to a serial 

ram p of RH was exothermic and increased very slowly over 10-40%RH, and then  

rem ained constan t over 40-65%RH (Figure 5-7). Beyond 70%RH the power o u tp u t 

started  increasing rapidly and  then decreased giving a  complete peak; over 80-90%RH 

the power ou tpu t increased gradually.
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Figure 5-7; The power ou tpu t signal recorded by exposing am orphous indom etacin to 

a serial ram p of RH (3%RH/h), arrow indicates a transition  point in am orphous state.

Experim ents involving a serial ram p are associated with gradual increase in relative 

pressure  of solvent vapour (hence solvent vapour p ressure  is not kept constant). 

Since the process of vapour sorption is also rate  controlled by the num ber of solvent 

vapour binding sites available on the solid, solvent vapour uptake by am orphous solid 

could be considered as a t least second order process. Assum ing th a t the in teractions 

between the solid and solvent vapour proceeds w ithout any change in physicochem ical 

properties of the solid, the num ber of solvent binding sites would decrease and  solvent 

vapour pressure  would increase as the experim ent proceeds.

Assum ing th a t the heat of vapour sorption rem ained constan t over the entire sorption 

process (or RH range), the initial slow increase in power ou tpu t (over 10-40%RH) could 

be due to an  increased rate of the w ater up take with the rise in RH. A constan t power 

ou tpu t signal over 40-65%RH range could be associated with constan t rate of w ater
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vapour uptake (apparent zero order reaction). The rise in power ou tpu t beyond 

70%RH could be due to a rise in rate  of w ater vapour uptake which continued until 

95%RH. The overlaying peak in power ou tpu t signal could be either due to a rapid 

rise and fall in the rate of w ater vapour up take  a n d /o r  the relaxation of the 

am orphous indom etacin due to the absorbed water. Similar transitions in the rate of 

water vapour uptake were observed for am orphous indom etacin by a serial ram p in 

RH as shown in Figure 5-8. W ater vapour uptake w as comparatively m uch higher 

during 80 and 90%RH steps a t 25°C (Figure 4-11).

0.0042.5

2.0  - 0.003

I
—------% d m /d t
 w e ig h t c h a n g e  (% w /w )

0.002
d m / d t

0.001

0.5 -
0.000

0.0  -

- 0.001
10060 80-20 0 20 40

%RH

Figure 5-8; The w ater vapour uptake and the rate  of the uptake, d m /d t (derivative 

plot dt=1.8min.) obtained by a serial ram p of RH (at 3%RH/h) for am orphous 

indom etacin a t 25°C.

The rise in power ou tpu t for am orphous indom etacin a t 70%RH was sim ilar to the 

take off point as observed for am orphous lactose using w ater ram p c.a. 27%RH (Figure 

5-2). The im portant difference between the dry am orphous sta te  of lactose and 

indom etacin w as the m olecular mobility a t 25°C. A m orphous indom etacin exhibited 

significant m olecular mobility in the dry sta te  a t 25°C, with the average relaxation 

time c.a. 34h, w hereas no m olecular mobility was detected in am orphous lactose 

below 60°C (Section 3.4.3). Generally, the relaxation time decreases as tem perature 

approaches dry Tg. At Tg the average relaxation time is approxim ated as 100 sec 

(Ediger et al., 1996). Since sorbed w ater is known to reduce Tg, the relaxation time 

would decrease with an  increasing am ount of sorbed water. At a certain  am ount of 

sorbed w ater (Wg) dry Tg would be lowered to the experim ental tem perature  (25°C) and 

the relaxation time of molecules in the glassy sta te  would fall in the experim ental time
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scale (or am orphous s ta te  would undergo a  glassy to rubbery  transition). The relative 

hum idity  corresponding  to Wg could be regarded as  RHg w hich would be critical for a  

pa rticu la r am orphous s ta te  a t  a  specific tem pera tu re . The HDSC stud ies perform ed 

on am orphous indom etacin  exposed to different RH conditions also indicated  th a t  a t  

storage beyond 84%RH, the  am orphous sta te  existed a s  a  relaxed sta te  (Section 3.3.1).
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Figure 5-9; The power o u tp u t signal obtained by exposing dry am orphous 

indom etacin  to a lte rna ting  conditions of the  RH (0-70-0-80-0-75-0-80% RH), w ith 6h  a t 

each  step. The arrow s show shou lder in power o u tp u t signal.

W hen dry am orphous indom etacin  w as exposed to 70%RH the  power o u tp u t signal

rapidly increased  to a  m axim um  and  th en  s ta rted  decaying tow ards the  baseline b u t 

w hen it w as exposed to 80%RH (Figure 5-9) or 85%RH (Figure 5-10) the  power ou t p u t 

increased  to the  m axim um  an d  s ta rted  decaying w ith a  shoulder. The shou lder 

obtained on the  MITAT w as in the  RH region where the  peak  in MITAT w as observed 

during  the  serial RH ram p an d  could be due  to two reasons. One, due to a  change in 

ra te  of w ater sorption behaviour of am orphous indom etacin  an d  second due  to an  

occurrence of second reaction run n in g  parallel to w ater up take  (e.g. relaxation of 

glassy, am orphous sta te  or crystallisation). The shou lder could no t be correlated  to a  

crystallisation  process since am orphous indom etacin  a t  84%RH an d  30°C took abou t

60 days to recrystallise completely (Andronis e t al., 1997), the  tim e scale

com paratively longer th a n  the  experim ental tim e scale.
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Figure 5-10: The power o u tp u t signal obtained by exposing dry am orphous

indom etacin to 85%RH for 37h  and  then  0%RH.
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Figure 5-11: The rate  of w ater vapour sorption by am orphous indom etacin a t 25°C; A. 

a t 80%RH; B. Com parison a t different RH steps, (dt=5 min.).

The shoulder obtained in  MITAT for 80% RH could also be seen for second 80%RH 

exposure w ith the 0-75-0% RH trea tm en ts  in  betw een (Figure 5-9). The h ea t released 

during  w ater vapour sorption a t 85%RH w as alm ost equal to the h ea t up take  during 

de-sorption a t 094)RH (Figure 5-10), indicating th a t the  m ajor com ponent of h ea t w as 

due to reversible reac tio n /s . The shoulder in  MITAT for am orphous lactose w as 

associated  clearly w ith a  change in  rate  of w ater sorption behaviour. The ra te  of w ater 

sorption for am orphous indom etacin  a t 85%RH w as no t associated  w ith a  clear 

shoulder (Figure 5-11) b u t a  deviation from exponential decay for ra te  of w ater up take  

could be clearly seen. The MITAT obtained from TAM clearly amplified the change in
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w ater interaction behaviour of am orphous indom etacin a t 85%RH as com pared to 

w ater sorption behaviour obtained from DVS.

It was evident from w ater vapour and am orphous lactose interaction studies th a t the 

increase in exothermic signal a t take off point w as not only related to an  increase in 

rate of w ater vapour sorption by lactose bu t w as also associated with changes in 

in ternal s truc tu re  of am orphous lactose induced by absorbed w ater vapour. Although 

am orphous indom etacin exhibited significant m olecular mobility in the dry sta te  at 

25°C it was possible to correlate the take off point observed in MITAT from serial RH 

ram ps to the point where significant changes in in ternal s truc tu re  took place.
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Figure 5-12: Estim ation of critical RH to induce transitions in the am orphous

indom etacin from the derivative of power ou tpu t signal obtained by serial ram p of RH 

a t 25°C.

The RH corresponding to the points a t which take off in MIT AT signal was observed 

could be estim ated from the derivative of power ou tpu t signal (Figure 5-12). Three 

points were recognized to characterise the transition . The first point (1) where MIT AT 

actually started  increasing considerably as seen from the deflection of d P /d t line from 

baseline (71.5%RH); the second point (2) where the rate  of increase or the slope of the 

MIT AT was m axim um , corresponding to the peak of the d P /d t line (76.6%RH) and  the 

third point (3), where MITAT started  decreasing corresponding to a point of 

intersection between baseline and d P /d t (77.6%). As m entioned previously all three 

critical RH values were in the region where am orphous indom etacin was observed to 

be collapsed as  seen from the Hyper-DSC analysis (section 3.3.1).



151

0.03140

120- 0.02
dP/dt
power

1 0 0 -

0.01

0.00 ^

- 0.01
40 -

- 0.0220-

-0.03
10000040000 60000 800000 20000

time (sec.)

Figure 5-13: Estim ation of the critical RH (RH corresponding to the time point) to

induce transitions in the am orphous indom etacin from the derivative of the power 

ou tpu t signal obtained by serial ram p of the RH a t 35°C.
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Figure 5-14: Estim ation of critical RH to induce transitions in am orphous

indom etacin from derivative plot of power ou tpu t signal obtained by a serial ram p of 

RH a t 40°C.

The MITAT obtained by the serial ram p of RH for am orphous indom etacin a t 35°C 

(Figure 5-13) was sim ilar to the one obtained a t 25°C. The MITAT obtained a t higher
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tem pera tu re , 40°C (Figure 5-14) w as m ore com plex as  com pared to lower 

tem pera tu res, w hich m ay be due to different am orphous regions relaxing a t slightly 

different RH. The possibility of partial crysta llisa tion  in  am orphous regions a t h igh RH 

w as evident from w ater vapour sorption stud ies  a t  40°C (Section 4.2.3).
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Figure 5-15: The values of critical RH obtained  from MITAT for am orphous

indom etacin  a s  a  function of tem perature .

The different RH values corresponding to the  different po in ts ob tained  from the  MITAT 

a t different tem pera tu re  obtained are  show n in Figure 5-15. It could be seen  th a t 

although  the  %cRH values corresponding to point 1 decreased  w ith the increase in 

tem pera tu re  there  w as no direct tem pera tu re  dependence w as observed for point 2 

and  3.
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5 .4  Interaction o f am orphous indom etacin  w ith organic vapour

Like absorbed water, organic solvents can also ac t as a  plasticizer for the am orphous 

state. In th is section of the thesis, the interaction of am orphous indom etacin with 

organic solvent vapours (mainly aliphatic sho rt chain  alcohols) a t various relative 

pressures is reported using perfusion calorimetry.

5 .4 .1  Interaction of ethanol vapours w ith am orphous indom etacin
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Figure 5-16: The power ou tpu t signal obtained by a  serial ram p of relative pressure 

of ethanol (3%RE/h) for am orphous indom etacin (30.07mg) a t 25°C. Arrows indicate 

different regions of the power out pu t trace.

In an  experim ent sim ilar to the serial w ater ram p (sections 5.2 and  5.3), am orphous 

indom etacin was exposed to a serial ram p of relative pressure  of ethanol (%RE). The 

power o u tpu t signal was variable over the range of %RE indicating the different 

transitions in am orphous indom etacin (Figure 5-16). The power o u tpu t was initially 

exothermic (about 5 |jW) and was alm ost constan t over 0-15%RE (although slightly 

more exothermic a t around 12%RE, Region-A). J u s t  below 15%RE, the power ou tpu t 

started  slowly decreasing (less exothermic) and  rem ained constan t (at around  OpW) 

until c.a. 50%RE. The power ou tpu t started  increasing beyond 50% RE rapidly (more 

exothermic) and th is continued until 95%RE. Previous experim ents dem onstrated 

th a t am orphous indom etacin crystallised when exposed to sa tu ra ted  ethanol vapours 

m aking it difficult to in terpret the power out p u t signal. The power ou tpu t signal 

obtained by exposing am orphous indom etacin to ethanol vapours in a sealed am poule 

experim ent of TAM is shown in Figure 5-17. Under the atm osphere of sa tu ra ted
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ethanol vapours am orphous indom etacin crystallised completely. This indicated tha t 

the power ou tpu t signal recorded by TAM was due to crystallisation of am orphous 

solid. Ethanol induced crystallisation of a hydrophobic drug has  been previously 

shown in our lab using TAM (Ahmed et al., 1996).

It was clear th a t ethanol vapours were absorbed into am orphous indom etacin during 

the serial ram p; due to its low Tg, about 97.2 K (Lesikar, 1975) ethanol lowered Tg of 

am orphous solid and thereby induced crystallisation. It was in teresting to observe a 

couple of points from the serial ram p (Figure 5-16) first, %RE which would lower dry 

Tg of am orphous indom etacin to experim ental temperature(%cREg) and  second %RE 

which would induce spontaneous crystallisation in the plasticised sta te  (%cREcry). 

The process of plasticisation induced by ethanol vapour may not be uniform 

throughout the bulk of the powder and may lead to predom inant surface plasticisation 

and hence surface crystallisation.

A com parison of two crystallisation events, w ater vapour induced crystallisation in 

am orphous lactose and  ethanol vapours induced crystallisation in am orphous 

indom etacin has  dem onstrated  interesting differences (Figure 5-17).

Tim e (h) Tim e (h)

Figure 5-17: The crystallisation response obtained for A. am orphous indom etacin

exposed the to the sa tu ra ted  ethanol vapours B. am orphous lactose to exposed to 

75%RH (Dilworth et al., 2004) a t 25°C in a sealed am poule experim ent of TAM. The 

arrow indicates the tim e-point of lowering an  am poule to the m easuring position and 

the asterisk  indicated the crystallisation response.

Firstly the rate  of w ater vapour availability was the decisive factor in onset of 

crystallisation of lactose (about 2.5 h of lag time between w ater vapour exposure and 

crystallisation), th is was not the case for ethanol vapour induced crystallisation in 

am orphous indom etacin. One reason for th is behaviour could be the higher vapour 

p ressure  (p°) of ethanol (58.71 torr) as com pared to vapour p ressure  of w ater (23.77 

torr) a t 25°C (Plambeck, 1996), th is could also m ean th a t evaporation of ethanol could 

be expected to be m uch faster as com pared to evaporation of w ater a t 25°C.
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Irrespective of the reason, it was clear th a t certain  am ount of ethanol vapour pressure  

induced crystallisation in am orphous indom etacin alm ost instantaneously .
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Figure 5-18: Ethanol vapour uptake by am orphous indom etacin (32.4 mg) a t 25°C 

studied by the serial ram p of the partial p ressure  of the ethanol vapour from 0 to 45%. 

d m /d t was the derivative of the weight change or the rate of up take dt=10 min.

This fact was alm ost confirmed from the power ou tpu t trace obtained by a serial ram p 

of ethanol vapour p ressure  for am orphous indom etacin a t 25°C (Figure 5-16). The 

power ou tpu t signal rem ained alm ost constan t around 0 pW from about 20%RE to 

50%RE, indicating the absence of any reaction over th is range of ethanol vapour 

p ressure  or ethanol vapour below 50% partial p ressure  could not induce 

crystallisation in am orphous indom etacin instantaneously . Beyond 50%RE, the power 

ou tpu t started  rising (increasingly exothermic), th is could be due to crystallisation of 

the am orphous solid. Since it is well docum ented th a t the crystallisation is followed 

by desorption of absorbed vapours, the power o u tpu t signal was expected to become 

endotherm ie with the onset of crystallisation (as observed for ciystallisation of 

am orphous lactose) (5.2). The absence of an  endotherm ie response could be due to 

lack of sufficient am ount of absorbed ethanol vapour which could desorb after 

crystallisation.

E thanol vapour uptake by am orphous indom etacin studied gravimetrically (Figure 5-

18) by a serial ram p of ethanol vapour p ressure  a t 25°C could be correlated with the 

power ou tpu t signal (Figure 5-16). Weight gain was rapid initially over 0-25%RE and
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th en  w as rem ained  co n stan t over 25-35%RE. At 35%RE am orphous indom etacin  

absorbed  ab o u t 0.62%  of dry weight of solids an d  beyond w hich it s ta rted  crystallizing. 

According to the  Gordon Taylor equation  0.62%  w /w  of absorbed  e thano l (assum ing 

uniform  distribution) would lower the  dry Tg of am orphous indom etacin  from 320 to 

312 K (using the  p aram eters  in  Table 5-1:).

Tg (K) D ensity (kg/m^) K

A m orphous indom etacin 320 1.32

0.181Ethanol 97.2 0.785

Table 5-1: The p aram eters  u sed  in  calcu lating  Tg of b inary  m ixture of am orphous 

indom etacin  an d  ethanol.

3 0 0 -

30%RH
2 0 0 -

90%RH

^  1 0 0 - 

Î  •
g  0 -

70%RH
50%RH

0%RH 0%RH0%RH
-100-
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-200
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Figure 5-19: The power o u tp u t signal ob tained  by exposing dry am orphous

indom etacin  to a lte rna ting  conditions of RE (0-30-0-50-0-70-0-90-0-90% RE), 6 h  a t 

each  step.

The power o u tp u t signal obtained by exposure of am orphous indom etacin  to a  series 

of e thanol vapour p ressu res  indicated  a  few changes in  the  am orphous s ta te  (Figure 5-

19). For the  first 30%RE exposure, the  am o u n t of h ea t released (exothermic) during  

sorption w as m ore th a n  the h ea t up tak e  (endotherm ie) for nex t desorp tion  step , th is 

w as indicative of a  degree of irreversibility in the  sorption process. For the  second 

50%RE step, the  h ea t exchange w as a lm ost equal and  opposite for sorption and  

desorption steps. D uring the  th ird  70%RE step, the power o u tp u t signal w as clearly 

associated  w ith a  shoulder and  could no t reach  the  baseline w ith in  6h, th is  w as
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indicative of onset of second parallel reaction (possibly onset of crystallisation  The 

power o u tp u t signal a t  90%RE step  w as in p a rticu la r the  charac te ris tic  of the  

crystallisation  event. R epeating exposure to 90%RE did no t repea t the  power ou t p u t 

signal.

The stepw ise exposure in  TAM (Figure 5-19) and  the  gravim etric s tud ies (Figure 5-18) 

could suppo rt the  fact th a t  the  increasingly exotherm ic power o u tp u t signal beyond 

50% partia l p ressu re  of ethano l (%RE) (Figure 5-16) w as due to the  onset of the 

crysta llisa tion  process induced  in am orphous indom etacin. Hence 50% could be 

regarded a s  %cRE (critical RE to induce crystallisation) for am orphous indom etacin  a t 

25°C. The initial exotherm ic response over 5-15%RE could be linked to the  increasing 

ra te  of e thano l vapour up take . This response w as sim ilar to take off point (B) observed 

for am orphous lactose (Figure 5-2) an d  hence could be correlated  to onset of in ternal 

changes (induced by ethano l vapour).

Since the heat exchange for sorption step at 70%RE was ineversible or more than the heat exchanged 
during desorption step.
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5 .4 .2  Interaction of n-propanol vapours w ith am orphous indom etacin

In an  experim ent sim ilar to the one performed using  w ater and  ethanol vapours, 

am orphous indom etacin was exposed to a  serial ram p of propanol vapour p ressure  

(%RP), the recorded power ou tpu t signal is shown in Figure 5-20. Initially the power 

ou tpu t signal was exothermic and rem ained constan t until 10%RP (Point A), then  

started  increasing (became more exothermic) (Point B) and reached the m aximum  

value a t 19.3%RP (Point C). Beyond 20%RP, the power ou tpu t signal decreased slowly 

bu t rem ained exothermic and then  kept rising a t a constan t rate until 62.5%RP (Point 

D). At point D, the power ou tpu t signal started  rising rapidly and then  decreased.

The sequence of changes observed in the power o u tpu t signal was very sim ilar to the 

sequence of changes observed during the serial w ater ram p for am orphous lactose 

(Figure 5-2). The point B (take off point) and point D for am orphous indom etacin 

(Figure 5-20) are equivalent to the take off point and point D in the w ater vapour ram p 

for lactose respectively.

100
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40 -

Pow er (uW) 
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Figure 5-20: The power ou tpu t signal obtained by a  serial ram p of relative pressure  

of propanol (3%RP/h) for am orphous indom etacin (33 mg) a t 25°C.

The power ou tpu t signal obtained by exposure of am orphous indom etacin to stepwise 

increm ents in %RP (Figure 5-21) dem onstrated  transitions sim ilar to those for 

am orphous lactose exposed to stepwise increm ent RH ram p (Figure 5-4). The power 

ou tpu t signal a t 10%RP was clearly associated with a shoulder (Figure 5-21) and this 

was in the region where the take off point (10.9%RP) w as observed with a serial ram p.
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At the 60%RP step, the power ou tpu t signal clearly deviated from the one observed for 

a typical first order reaction (exponential decay) (shown by asterisk  in Figure 5-21), 

which progressed into a clear shoulder a t 80%RP. At the 90%RP step, the power 

ou tpu t signal increased to an  exothermic value and then  suddenly started  decreasing 

until it becam e endotherm ie.

At th is point it was very clear th a t the take off point a t 10.9%RP in (Figure 5-20) could 

be due to increased rate of the propanol vapour uptake by am orphous indom etacin 

and hence could m ean th a t the absorbed propanol induced some changes in internal 

struc tu re  of am orphous indom etacin. Point D (62.5) could be correlated to %RP where 

am orphous indom etacin started  crystallizing rapidly.

2 5 - % RP
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20-

60

% 15-
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40
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Figure 5-21: The power o u tpu t obtained by exposing am orphous indom etacin (35.8 

mg) to a stepwise ram p of n-propanol vapour p ressure  (RP) in which RP was increased 

in steps of 5% and held constan t for 6h before going to the next step.

At th is point it was very clear th a t the take off point a t 10.9%RP in (Figure 5-20) could 

be due to increased rate of the propanol vapour uptake by am orphous indom etacin 

and hence could m ean th a t the absorbed propanol induced some changes in in ternal 

s truc tu re  of am orphous indom etacin. Point D (62.5) could be correlated to %RP where 

am orphous indom etacin started  crystallizing rapidly.
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5 .4 .3  Interaction of m ethanol vapour w ith am orphous indom etacin
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Figure 5-22: The power ou tpu t signal obtained by a serial ram p of relative p ressure  of 

m ethanol (3%/h) for am orphous indom etacin (52 mg) a t 25°C.

A serial ram p of m ethanol vapour pressure  over am orphous indom etacin was clearly 

associated with a series of transitions (Figure 5-22). In the region A power out 

rem ained unchanged un til 11%RM (Relative p ressure  of methanol). At point B 

(11.13%) power out exhibited a positive deflection and kept rising un til it reached 

(Point C) 16.96% after which it started  falling. The decrease in power ou tp u t beyond 

Point C continued till it becam e endotherm ie. At point D (34.36%) power ou tpu t 

started  increasing again and  then becam e exothermic. From the understand ing  of 

w ater vapour induced transitions of am orphous lactose, a  couple of transitions could 

be followed from power ou tpu t obtained by a serial ram p of m ethanol vapour over 

am orphous indom etacin. Point B in Figure 5-22 could be associated with a  rise in 

rate  of m ethanol vapour uptake by am orphous indom etacin b u t could also be 

indicative of in ternal s truc tu ra l changes induced by m ethanol. Point C (16.96%) 

where the power ou tpu t reached a peak could be correlated to the point where the 

sorbed m ethanol reduced Tg of am orphous indom etacin to experim ental tem perature. 

Point D could be linked to the point where sorbed m ethanol induced crystallisation in 

am orphous indom etacin (since the power ou tpu t signal becam e increasingly 

exothermic and  then  endothermie).
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Point C and  poin t D could be correlated to critical m ethano l vapour p ressu re  (%cRM) 

for am orphous indom etacin  a t 25°C. %RM a t po in t C could be correlated  to a  relative 

p ressu re  of m ethano l required  to lower Tg of d iy  am orphous indom etacin  to 25°C, 

hence %RM a t point C could be correlated to %cRMg, W hereas %RM a t point D could 

be correlated  to a  relative p ressu re  of m ethanol required  to induce crysta llisa tion  in 

am orphous indom etacin , hence %RM a t point D could be correlated  to %cRMcry for 

am orphous indom etacin  a t 25°C.
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5 .4 .4  Effect o f  tem perature on  in teraction  o f  am orphous indom etacin  w ith  

m ethanol vapour
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Figure 5-23: The effect of tem perature  on the power ou tpu t signal obtained by the 

serial ram p of the  m ethanol vapour p ressu re  for am orphous indom etacin. A sterisks 

indicate the position of %cRMg, w hereas arrow s indicate the position of %cRMciy.

Tem perature (°C) %cRMg %cRMciy

25 16.96 34.36

35 12.54 30.26

40 5.68 23.50

Table 5-2: Critical relative vapour p ressu re  values of m ethanol (%RM) for am orphous 

indom etacin a t different tem pera tu res, %cRMg w as %RM corresponding to the  peak of 

the  take off region (shown by the  asterisk  in  Figure 5-23) and  %cRMciy corresponding 

to the  onset of the  crystallisation.

W hen isotherm al tem peratu re  for the  serial ram p of m ethanol vapour p ressu re  w as 

increased  a  clear shift in  critical vapour p ressu re  values for am orphous indom etacin 

w as observed (Figure 5-23). The critical values of m ethanol vapour p ressu re  obtained 

from Figure 5-23 are listed in Table 5-2. The value of critical vapour p ressu re  of 

m ethanol required to lower Tg of dry am orphous indom etacin to experim ental 

tem peratu re  decreased from 16.96% (at 25°C) to 12.54% (at 35°C). Similarly the  value 

of critical vapour p ressu re  of m ethanol required  to induce crystallisation in 

am orphous indom etacin decreased from 34.36%  (at 25°C) to 30.26%  (at 35°C). At
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40°C, though  it w as difficult to estim ate %cRMg, though  the onset of crystallisation 

could be clearly observed a t 23.5%  (%cRMciy).

40

y=62930x-176.14

30 -

20 - y=65592x-202.48

10 -
■ % cRMg (R̂  = 0.90)
# % cRMciy (R̂  = 0.89)

0.00320 0.00325 0.00330 0.00335 0.003400.00315

1/T(K

Figure 5-24: The values of critical %RM obtained from Table 5-2 plotted a s  a  direct 

function of 1/T (K *).

In order to u n d ers tan d  the  kind of relationship  betw een critical %RM values (c^oRMg 

and  %cRMciy) and  tem peratu re , the values of %cRM were plotted directly against 1/T. 

A stra igh t line relationship  w as observed for both  %cRMg and  %cRMciy versu s  1/T, 

w hich could be assessed  from R  ̂ values (Figure 5-24). The equation of the  stra ight 

line could characterise the individual relationship. The extrapolation of stra igh t Hne to 

Œ%)RM should  correlate to a  value of tem peratu re  where the corresponding transitions 

are observed u n d er dry conditions. This m eans, extrapolation of %cRMg Hne to 0%RM 

should  yield the dry Tg, w hereas th a t of %cRMciy Hne should  be the  spon taneous 

crystalH sation tem pera tu re  of dry am orphous indom etacin. The extrapolation of 

%cRMg an d  %cRMciy Hne produced tem peratu re  values of 50.94 and  84.27°C 

respectively (Table 5-3) w hich correspond to Tg (45-50°C) and  Tciy crystalHsation 

tem pera tu re  of am orphous indom etacin respectively (as seen from Figure 3-1).

Lowering of the  isotherm al tem peratu re  shou ld  increase critical %RM values required 

to induce g lass transition  (%cRMg) and  crystalH sation f^cRMciy) in  am orphous 

indom etacin. Since m olecular mobiHty in  the  am orphous s ta te  also depends on 

tem perature , it foUows th a t  the  value of %cRM is  an  indication of m olecular mobiHty in 

the  am orphous state. The higher value of %cRM required to induce tran sitions  in  the 

am orphous soHd w ith the  reduction  in isotherm al tem pera tu re  also follows a  decrease
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in  m olecular mobility. The m axim um  possible value of %cRM required to induce 

tran sitions  in  am orphous soUd could indicate the  tem pera tu re  of least possible 

m olecular mobility (Kauzm ann t e m p e r a tu r e T k ) .  The extrapolation of %cRMg and 

%cRMcry lines to 100%RM would correlate to tem pera tu re  values of -56.16 and  - 

45.11°C respectively (Table 5-3). The values of K auzm ann tem pera tu re  reported in 

literature using  different techn iques are shown in Table 5-4.
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Figure 5-25: The values of critical %RM obtained from Table 5-2 plotted as an

exponential function of 1/T (K ’).

Extrapolated Tem perature (°C)

0%cRMg 0%cRMciy 100%cRMg 100%cRMciy

Direct

Relation

50.94 84.27 -56.16 -45.11

A rrhenious

Relation

2.63 -12.17

Table 5-3: The values of tem pera tu re  obtained by extrapolation of %cRM to 0 and  

100%RM using  direct and  exponential relationship  show n in  Figure 5-24 an d  Figure 

5-25.

Kauzmann temperature Tk, is believed to be a temperature of zero molecular mobility in amorphous 
solid. Storage and handling of amorphous solid at and below Tk should avoid any chances of 
crystallisation.
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M ethod K auzm ann Tem perature (°C)

E nthalpy  relaxation -6

Viscosity -17

Enthalpy  d a ta -79

Entropy da ta -33

Table 5-4: The reported  values of K auzm ann tem pera tu re  obtained  u sing  various

m ethod for am orphous indom etacin  from (Sham blin e t al., 1999),

The plot of n a tu ra l logarithm  of critical %RM for am orphous indom etacin  a t different 

tem pera tu res  a s  a  function of 1 /T  (Arrhenious relationship) is show n in Figure 5-25. 

The tem pera tu re  values obtained by extrapolation  of A rrhenious dependence of %cRM 

over 1 /T  are displayed in Figure 5-3. Tk value obtained  using  A rrhenious relation w as 

h igher as  com pared to the  value obtained u sin g  direct relation betw een %cRM an d  

tem pera tu re  (Table 5-3). The values of Tk pub lished  in the  lite ra tu re  using  different 

approaches are  show n in Table 5-4.
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5 .4 .5  A com parison o f in teraction  o f  th e  am orphous indom etacin  w ith  different 

alcohol vapours
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Figure 5-26: A com parison of power o u tp u t signal obtained by a  serial ram p of

vapour p ressu re  of different alcohol vapour for am orphous indom etacin a t 25°C.

M ethanol Eïthanol n Propanol Water
Tg(K) 102-110 97-100 98-109 135-136
Tm (K) 175 155.7 146.6 273
Tb (K) 337.6 351.5 370.1 373
Tb/Tm 1.93 2.26 2.52 1.37
Tm /Tg 1.79 1.67 1.48 1.85
Polarity Index 6.6 5.2 4.3 9
po (torr) a t  25°C 126.39 58.7 21.76 23.77
AHvap (kJ/m ole) -- 39.3 — 59.0
Density (kg /m3) 0.79 0.785 0.8 0.997

Table 5-5: V arious physical param eters  of different solvents m ay be of relevance in  

the  na tu re  of the in teraction w ith the am orphous indom etacin. W here Tg, Tm an d  Tb 

are the tem pera tu res corresponding to g lass transition , m elting and  boiling tran sitions 

respectively, source (Angell e t al., 1978).

A com parison of h ea t flow signal obtained by a  serial ram p of alcohol vapour p ressure  

for am orphous indom etacin is  perform ed in  Figure 5-26. Although g lass transition  

an d  crystallisation events could be clearly seen over the  time scale of experim ent for 

all the  alcohols, there  w as a  difference for the  am oun t of vapour p ressu re  required  to 

induce these transitions. A significant difference w as observed in  the  vapour p ressure  

of these  alcohols required to induce ciystallisation in  am orphous indom etacin a t 25°C. 

The properties of different alcohols w hich could be of relevance are listed  in  Table 5-5.
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5 .5  Sum m ary o f m icrocalorim etric stu d ies  on  in teraction  o f  so lven t vapour

w ith  am orphous solid

• A m orphous lactose exhibited clear tran sitio n s  in power o u tp u t signal ob tained  

by a  serial ram p  of RH. These were m ainly g lass transition , collapse and  

crystallisation  of am orphous solid. The range of RH over w hich tran sitio n s  were 

observed in  power o u tp u t signal (obtained by TAM) m atched  w ith the range of RH over 

w hich a  changes in observed in w ater up tak e  behaviour of am orphous lactose 

(obtained by DVS). The value of RH a t w hich changes were observed in  power o u tp u t 

signal could be correlated  to critical RH (%cRH) for am orphous lactose.

• In the  case of am orphous indom etacin  only the g lass tran sition  could be 

observed by using  a  serial RH ram p  a t 25°C, a s  com pared to g lass tran sition  and  

crystallisation observed w ith am orphous lactose.

• The tran sitio n s  in am orphous indom etacin  viz. g lass tran sitio n  and  

crystallisation could be followed by using  a  serial ram p  of a liphatic  alcohol vapour 

such  a s  m ethanol, e thanol and  n-propanol.

• W hen am orphous indom etacin  w as stud ied  a t different iso therm al 

tem pera tu res  using  a  serial ram p of m ethanol vapour p ressu re , the  value of %cRM for 

g lass tran sition  an d  crystallisation  decreased  a s  the  tem pera tu re  w as increased. In 

%cRMg (to induce glass transition) an d  In %cRMcry (to induce crystallisation) 

exhibited a  linear rela tionship  aga in st 1/T. K auzm ann tem pera tu re  (Tk, tem pera tu re  

of zero m olecular mobility) calcu lated  for am orphous indom etacin  by extrapolating In 

%cRMg and  ln%cRMcry against 1 /T  line correlated  to 2.63 and  -12.17°C respectively. 

Tk value calcu lated  using  the  approach  described in the  work w as in  agreem ent with 

the  Tk values reported  in previous stud ies.
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Chapter 6 C h arac te risa tio n  o f

am orphous solid  using  

inverse phase gas 

ch rom atography
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6 .0  C haracterisation o f am orphous so lid  using  Inverse phase gas 

chrom atography (IGC)

6 .1  Background, IGC for th e  ch aracterisation  o f  am orphous m aterials

IGC involves charac te risa tion  of the  solid packed in a  colum n as  the  sta tionary  phase. 

S tan d ard  gaseous probes w ith know n properties are th en  elu ted  th rough  the  colum n 

using  a  non-in terac ting  carrier gas (e.g. Helium). The solid phase  is then  

charac te rised  based  on its in teraction  w ith the  gaseous probes. Since in terac tions 

betw een the  solid s ta tionary  phase  of the  packed  colum n and  the  probe m olecules are 

prim arily a t the  surface of the solid, IGC m ainly en ligh tens surface p roperties of the 

solid. The charac te risa tion  of solid surfaces using  IGC involves a sse ssm e n t of the 

com ponents of surface energy (e.g. the  dispersive or non-polar com ponent and  the 

polar com ponent i.e. acidic an d  basic nature) (Hamieh et al., 2002; Newell e t al., 

2001b). The techn ique of surface energy m easu rem en t by IGC involves (Newell et al., 

2001b) injection of a  series of non-polar (alkane) an d  polar probes. The surface energy 

value m easu red  rep resen ts  the  average of all energetic in terac tions betw een solid 

surface an d  gaseous probes. The dispersive com ponent of the  surface energy (yd) 

m easu red  by IGC w as successfully  u sed  to differentiate betw een am orphous s ta te  (ya 

value of 37.1±2.3 m J m-2) and  crystalline sta te  (ya value of 31.2±1.1 m J m-2) of lactose 

(Newell et al., 2001b). IGC h a s  also dem onstra ted  th a t  the  milling induced  d isorders 

were m ainly localized a t  the  surface of particles (Newell e t al., 2001a). A lthough IGC 

proved usefu l to differentiate betw een am orphous and  crystalline s ta te s  of lactose, it is 

difficult to a sse ss  the  chem ical n a tu re  of the  surface from the  surface energy value. In 

an  in teresting  study  it w as observed th a t  m any com pounds w ith very different 

chem ical n a tu re  exhibited a  very sim ilar dispersive energy com ponent (ya) (Planinsek 

an d  B uckton, 2003).

IGC w as also u sed  to follow the  transform ation  from am orphous to crystalline lactose 

induced  by w ater vapour (Newell e t al., 2001b). In th is  s tudy  it w as observed th a t  the  

surface energy (ya) of am orphous lactose (milled) decreased  linearly to a  value sim ilar 

to c iystalline lactose m onohydrate over 0-40%RH. The change in surface energy w as 

only reversible u p  till 20%RH.
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Figure 6-1: The effect of tem pera tu re  on dispersive surface energy for PM MA (from 

(Hamieh and  Schultz, 2002).

The variation of surface energy as  a  function of tem pera tu re  could be used  to study  

the tran sitio n s  of solid a t the  surface. The effect of tem pera tu re  on the dispersive 

com ponent of surface energy stud ied  for PMMA (poly-m ethyl-m ethacrylate) ) (Hamieh 

an d  Schultz, 2002) exhibited th ree  clear m axim a (Figure 6-1). The values of 

tem pera tu re  corresponding  to each  m axim um  were correlated  to a  tran sition  in  PMMA 

as, (3-relaxation (Tl), g lass tran sition  Tg (T2) a n d  liquid- liquid tran sition  or order- 

d isorder tran sition  (T3). A lthough it is in teresting  to know the reaso n s for the  m axim a 

in dispersive surface energy a t these  tran sitions , of great in te res t is th a t  IGC 

dem onstra ted  its  u se  in studying  the  polym er a t different tem pera tu res.

The sim ilar tran s itio n s  in am orphous PMMA were also observed by studying the 

reten tion  behaviour of a  single probe gas a t various tem p era tu res  an d  th en  plotting 

the  rela tionsh ip  betw een RT InVn aga in st 1 /T  (Figure 6-2) (Hamieh and  Schultz, 

2002). Generally a  plot of RT InVn aga in st 1 /T  for crystalline su b s tan ces  is observed 

as  a  stra igh t line w ith the  slope as a  m easu re  of en thalpy  change due  to the 

adsorp tion  process (AHads). In the case of am orphous PMMA clear b reaks in s tra igh t 

line rela tionsh ip  betw een RT InVn aga inst 1 /T  were observed a t som e tem pera tu re  

values. These tem p era tu res  were correlated  to tran sitio n s  in am orphous PMMA as 

explained previously. The changes in reten tion  behaviour were a ttr ib u ted  to changes 

in n a tu re  of in teraction  betw een the polymer surface an d  the probe m olecules, hence 

to changes in physical n a tu re  of the  polymer. Since the  g lass tran sition  is
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accom panied w ith a  change in physical n a tu re  of the  su b s tan ce  (glassy to rubbery), 

changes in  reten tion  behaviour of the  probe gas could be an tic ipated  a t/a ro u n d  Tg.

1 2 -

1 /T l1/T21/T3
1 0 -

'o 8 -B

3 6 -

I 4 -

0 -

3.2 3.42.8 3.02.62.0 2.2 2.4

(1/T) * 10"

Figure 6-2: A variation of RT InVn of PMMA as  a  function  1/T  using  nonane as  a  

probe .(From, (Hamieh an d  Schultz, 2002).

The glass tran sitio n  tem pera tu re  (Tg) obtained  u sin g  the  above m entioned approach  

h a s  been u sed  widely for polym ers and  carbohydrates w ith the  estim ated  Tg values 

com parable to those obtained using  o ther techn iques su ch  a s  DSC (Delarue and  

Giampaoli, 2000; S u ran a  et al., 2003).

The sorbed w ater can  ac t as  a  plasticizer, the  am oun t of sorbed w ater depends on RH, 

hence the  m easu red  Tg value could be influenced if RH is no t controlled. The un ique 

advantage of IGC is its absolu te  control over RH of the  carrier gas an d  hence RH of the  

a tm osphere  in w hich glass tran sition  is estim ated.

IGC could also be an  invaluable tool to study  glass tran sitio n  of strong  glasses (Angel’s 

classification of glasses) (section 1.6.1). Since the  strong  glasses (e.g. m any polymers) 

exhibit w eak calorim etric tran sition  (a sm all change in  specific h e a t a t  g lass transition) 

hence a  DSC heating  scan  could be devoid of any observable Tg.

The different approaches adap ted  in th is  s tudy  to determ ine the  Tg of the  am orphous 

s ta te  involved estim ation  of reten tion  volum e of gaseous probe e ither a s  a  function of 

tem pera tu re  or hum idity . As a  first approach , hum id ity  w as kep t c o n stan t an d  then  

tem pera tu re  w as increased, w hereas in the  second app roach  tem pera tu re  w as held 

co n stan t an d  hum idity  w as increased.
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6 .2 E stim ation  o f Tg for am orphous in d om etacin  using  IGC

- 0 .8 -

-0 .9 -
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Figure 6-3: Retention volume (Vn) of decane plotted as  ln{Vn/T) aga in st inverse of

tem pera tu re  (1/T) for am orphous indom etacin. The value of tem pera tu re  

corresponding to in tercep t of two lines w as correlated  to Tg of am orphous 

indom etacin.

A m orphous indom etacin  (<350|um) w as packed  in a  g lass colum n an d  tem pera tu re  

w as increased  in  s teps of 5°C. After abou t 45 min. of equilibration a t  each 

tem pera tu re  the  elution of decane w as perform ed using  dry helium  a s  a  carrier gas. 

The reten tion  volum e (Vn) of decane obtained a t each  tem pera tu re  step  w as plotted  as 

ln(Vn) aga in st 1 /T  (Figure 6-3). It could be well an tic ipated  th a t  w ith increase in 

tem pera tu re  the  am orphous s ta te  w ould undergo a  glass tran sition  (transition  from 

glassy sta te  to rubbery  state). The reten tion  properties of solid am orphous surface 

should  change a s  glassy s ta te  tra n s its  into a  m ore rubbery  or a  liquid like sta te . The 

change in re ten tion  behaviour of am orphous indom etacin  w as observed as  a  b reak  in 

the  plot of ln(Vn/T) aga in st 1/T  an d  dry Tg w as calcu lated  a s  show n in Figure 6-3.

The u se  of IGC in studying  Tg by the  above m entioned m ethod h a s  been reported  

m ainly for polym ers (Hamieh and  Schultz, 2002; O urdani and  Am rani, 2002) and  for 

carbohydrates (Delarue a n d  Giampaoli, 2000). This technique w as particu larly  useful 

in studying the  m iscibility of two or m ore polym ers. The m iscibility of polystyrene w ith 

poly (ethyl m ethacrylate) w as observed a s  single com position dependen t Tg (O urdani

The equilibration time was fixed to 45 min for each step using the iGC software.
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and  Am rani, 2002). Using IGC it w as also possible to show th a t  carbohydrate 

m atrixes re ta in  the arom a (flavours) m ore strongly on a  rubbery  s ta te  a s  com pared to 

glassy sta te  (Delarue an d  Giampaoli, 2000). This study  w as perform ed using  arom a 

com pounds a s  probe m olecules and  carbohydrates a s  s ta tionary  phase.
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6 .3  A com parison o f various techn iqu es for th e  m easurem ent o f  Tg

61 .75
53.53

44r21
39 .69

Stepscan DSC IGC
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HDSC
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Figure 6-4: The g lass transition  tem perature  (Tg) of am orphous indom etacin observed 

with StepScan-DSC, DSC, Hyper-DSC (onsets) and  IGC showing the dependence of 

m ethod used  in  estim ation of Tg, (n=3).

There are several techniques which are reported for m easurem ent of g lass transition  

phenom ena, e.g. therm al calorim etric techniques (DSC, High speed DSC), therm al 

m echanical techn iques (DMA), spectroscopic techn iques (FTIR) etc.

In th is  work g lass transition  w as characterised  by several calorim etric techniques 

including conventional DSC, high speed DSC, S tepScan DSC and  the resu lts  were 

com pared w ith IGC m easurem en ts (Figure 6-4). It is veiy clear th a t  a lthough all the 

techn iques targeted tow ards estim ation of sam e physical transition  (viz. g lass 

transition) different re su lts  could be obtained (the value of Tg depended  on  the 

m easurem ent technique).

The heating ra te  dependence of Tg is  well know n an d  could be a  m ajor contributing 

factor in  differences in  Tg estim ated  using  calorim etric techniques. Most commonly 

the  heating  ra te  of 10°C /m in is  u sed  in estim ation of Tg b u t a  com parison betw een 

IGC and  conventional DSC indicated  difference of abou t 9-10°C in  Tg m easured  for 

am orphous indom etacin. In a  technical viewpoint, IGC analysis is  inherently  based  on 

absolu te d iy  conditions for the  m easurem ent of Tg since dry helium  w as employed a s  

a  carrier gas. This is coupled w ith initial drying step  which rem oves any adsorbed
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m oisture  from the  solid sam ple. On the con trary  there  w as a s  su ch  no control over 

the  sam ple hand ling  an d  analysis during  DSC characterisa tion . It is also very difficult 

to en su re  com plete d iyness  of the  solid sam ple prior to DSC analysis. The im portance 

of these  con tribu ting  factors viz. the  dry m easu rem en t conditions an d  the d ryness of 

solid sam ple could be easily reflected in the  different values of Tg estim ated  from IGC 

an d  DSC.

Tg (°C) H eating rate  

(°C/min.)

Reference

42 10 (M atsumoto an d  Zografî, 1999)

44.7 20 (Tong an d  Zografi, 1999)

-5 0 20 (Yoshioka et al., 1994)

50 20 (Yoshioka et al., 1995)

47 20 (Hancock e t a l., 1995)

44.7±1.3 20 (Tong an d  Zografi, 2001)

44.1 1 (MDSC)

Table 6-1: The values of Tg reported  in lite ra tu re  (Tg onset) showing variation  from 42 

to 50°C for Tg of am orphous indom etacin.

It w as also in teresting  to note th a t  different Tg values were reported  in different 

s tud ies for am orphous indom etacin  (Table 6-1). The differences in Tg values show n in 

Table 6-1 could possibly argue the im portance of a  control over RH of Tg m easuring  

conditions.
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6 .4  E stim ation  o f g lass tran sition  tem perature under controlled  con d ition s o f  

tem perature and RH using  IGC

Instead  of u sing  dry helium  a s  a  carrier gas, a  know n am o u n t of w ater vapour could 

also be in troduced  along w ith helium  to study  the  p lastic isation  effect of w ater vapour. 

Most commonly, the  p lastic isation  of the  am orphous s ta te  by sorbed w ater w as 

stud ied  by storing the am orphous solid in a  desiccator equilibrated  w ith a  su itab le  sa lt 

solution; the  plasticised solid w as th en  taken  ou t and  charac te rised  using  DSC, 

A lthough th is  m ethod could give a  rap id  estim ate  of the  p lastic isation  effect it is also 

accom panied w ith a  few technical lim itations,

• In the  case of hydrophobic com pounds the  d istribu tion  of the  sorbed w ater 

would be uneven th is  could m ean  th a t the  p lasticisation  effect of sorbed w ater 

w ould be different over the particle. Since the  vapour sorption proceeds from 

the surface of a  particle (the point of con tac t betw een w ater vapour a n d  solid) 

there  could be a  concen tra tion  gradien t of w ater w ith m ore w ater a t the  

surface an d  less in the  bulk,

• The heating  scan  employed in  DSC m easu rem en t could easily lead to 

red istribu tion  of w ater in the  bulk  of the particle and  hence charac te risa tion  of 

the  am orphous sta te  w ith respect to Tg could be am biguous.

In the  next p a rt  of the  thesis  a  novel u se  of IGC in determ ining  the effect of 

p lastic isation  of w ater h a s  been stud ied  using  am orphous indom etacin  (hydrophobic 

model) an d  am orphous lactose (hydrophilic model).
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6 .4 .1  S tud ies on  p la stic isa tion  o f  am orphous in d om etacin  by sorbed water

A m orphous indom etacin  w as packed  in a  g lass co lum n and  th en  dried u n d e r a  flow of 

dry helium  gas w hilst m ain tain ing  isotherm ally a t 30°C using  the  colum n oven. The 

RH of the  carrier gas w as th en  increased  in a  stepw ise m anner. At each  RH step  the  

colum n w as equilibrated  for abou t 45 m in after w hich decane w as e lu ted  a s  a  probe 

gas. The e lu tions were perform ed w hilst m ain ta in ing  the  RH of the  carrier gas. The 

re ten tion  volum e for the  decane peak  w as calcu lated  a s  Vmax (using the tim e 

corresponding  to the  m axim um  peak  height) and  Vcom (using the tim e corresponding to 

the  centre  of m ass of the  peak) by using  the  IGC analysis software.
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Figure 6-5: Retention volum es for decane on am orphous indom etacin  a s  a  function of 

relative hum idity  a t  30°C. Arrow show s the  designated  critical RH

The plot obtained for reten tion  volum e aga in st %RH is show n in Figure 6-5. It could 

be seen from Figure 6-5 th a t initially, till abou t 60%RH, the  reten tion  volume of 

decane decreased  w ith the  rise in  RH. This could be due to occupation  of high energy 

sites on am orphous solid by adsorbed  w ater m olecules. Below 60%RH, the  change in  

two reten tion  volum es (Vmax and  Vcom) m atched  each  o ther or both  decreased in  a  

sim ilar m anner. Above 65%RH both  values s ta rted  increasing  b u t the  increase in 

Vcom w as m ore as  com pared to Vmax. Firstly the  increase in re ten tion  volume m ean t 

th a t  even if solid surface m ight be a ssu m ed  to be getting m ore hydrophilic (due to 

increase  in  RH) its  in teraction  w ith the  hydrophobic probe (decane) w as getting 

stronger. The m ore rap id  increase in  Vcom values (beyond 65%RH) a s  com pared to 

Vmax values ind icated  th a t  the  decane peak  s ta rted  tailing increasingly. The
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increased  in terac tions (from the  rise in reten tion  volume) an d  the  increased  tailing 

(sharp  rise in Vcom values) m ean t th a t  the  decane w as reta ined  m ore in the 

am orphous solid above 65%RH. This is due to transfo rm ation  of the  am orphous solid 

from a  glassy sta te  (solid like) to a  rubbery  s ta te  (liquid like, less viscous) beyond 

65%RH. The rubbery  sta te  would pose m ore free access to decane m olecules as  

com pared to glassy sta te , hence the  in terac tion  betw een am orphous indom etacin  

(above 65%RH) and  decane m olecules would no t only be lim ited to surface adsorp tion  

b u t m ight also include partition ing  of decane into the  rubbery  state .
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Figure 6-6: R etention volum es for decane on crystalline lactose m onohydrate

(Foremost) as  a  function of relative hum idity  a t 30°C,

In an o th er experim ent crystalline solid w as packed  as  a  sta tionary  phase. The 

reten tion  volum e of decane w as m easu red  in a  sim ilar way a t increasing  steps of RH. 

For crystalline lactose m onohydrate (Figure 6-6) a n d  crystalline indom etacin  (Figure 6- 

7) the  re ten tion  volum e did not increase a t high RH values (as seen  for am orphous 

indom etacin). These observations supported  the  fact th a t  increased  in teraction  of 

decane w ith am orphous indom etacin  (Figure 6-5) w as due to p lastic isation  effect of 

sorbed w ater w hich lowered the  Tg of dry am orphous solid to the  experim ental 

tem pera tu re  (30°C). The value of RH a t w hich the  phase  tran s itio n  w as in itia ted  could 

be regarded a s  a  critical RH (%cRHg) a t 30°C for am orphous indom etacin.

The %cRHg (RH required  to lower the dry g lass tran sition  to the  experim ental 

tem perature) for am orphous indom etacin  obtained  a t different tem pera tu res  were 

plotted  a s  a  function of inverse tem pera tu re  (Figure 6-8). W ith the  rise in  tem pera tu re
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there  w as a  linear decrease in %cRHg. It could be an tic ipated  th a t  the  extrapolation of 

s tra igh t line to 0%RH should  correspond to a  tem pera tu re  a t  which dry Tg of 

am orphous indom etacin  could be observed. The ex trapolation of the  stra igh t line to 

0%RH gave a  tem pera tu re  value of 48.6°C w hich corresponded very well w ith d iy  glass 

tran sition  of am orphous indom etacin obtained in  th is  study  an d  reported  before (Table

6 - 1).
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Figure 6-7: Retention volum es for decane on ciystalline indom etacin  a s  a  function of 

relative hum idity  a t 30°C.

B ased on the  Gordon Taylor equation  (Gordon an d  Taylor, 1952) the  am o u n t of w ater 

con ten t needed to lower Tg of indom etacin  to 35°C w as 2.44 % w /w  (using 48.6°C as  

Tg of am orphous indom etacin  by IGC) and  1.8% w/w (using 44.7°C as  Tg of 

am orphous indom etacin  from literature) (Tong and  Zografi, 1999; Tong an d  Zografi, 

2001). IGC resu lts  show ed th a t  %cRHg a t 35°C w as 50%. DVS w ater sorption 

resu lts  showed th a t  the  m ass  gain for am orphous indom etacin  a t  35°C an d  50%RH 

w as ju s t  below 1% w /w  (Figure 4-12). A ssum ing th a t  the  m ass  of w ater sorbed in the 

IGC experim ent w as sim ilar to th a t  sorbed in  DVS is  ̂ th en  the  am o u n t of w ater 

actually  sorbed to lower the  Tg to of the  surface of the  powder to 35°C (1%), w as lower 

th a n  th a t  calcu lated  u sing  Gordon Taylor equation  (2.44 an d  1.8%w/w). It followed 

th a t  the  concen tration  of sorbed w ater a t  the  surface w as m uch  h igher th an  a t  the

IS This was a perfectly reasonable assumption as the rate of sorption was clearly limited by the solid 
itself and not by the rate of supply of water vapour. The rate of supply of water vapour was rapid in both 
the DVS and IGC and both die DVS and IGC experiments show pseudo equilibration i.e. levelling of 
mass gain and the IGC shows a flat response with the thermal conductivity meter.
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bulk  (i.e. am o u n t of w ater a t  the  surface w as high enough to lower Tg to experim ental 

tem pera tu re , even though  the  sorbed m ass  in the  en tire  sam ple w as too low to reduce 

Tg of en tire  sam ple m ass  to T). These resu lts  w ould be co n sis ten t w ith a 

concen tration  gradien t of w ater th rough  the  hydrophobic m ass, w ith surface being 

plasticised to a  greater ex ten t th a n  bulk  of the  sam ple.
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Figure 6-8: Plot of %cRHg (after w hich there  w as a  deviation betw een Vcom and

Vmax) as  a  function of 1/T  (K-i) showing s tra ig h t line rela tionship  (line equation  y = 

338238 -  1015.8 an d  R^=0.998; value of ex trapolated  d iy  Tg = 48.6°C).

Previous stud ies reported  a  complex crystallisation  behaviour of am orphous 

indom etacin  due to an  exposure to high RH (Andronis et al., 1997). The au th o rs  also 

noted  th a t  the crysta llisa tion  w as m ainly in itia ted  a t  the  surface of particles. The 

surface crystallisation  of am orphous indom etacin  w as correlated  to h igher w ater 

con ten t and  m olecular mobility a t  the  surface relative to bulk  of the  particle.

In th is  study  IGC h a s  been show n to be a  usefu l tool to d istingu ish  surface 

p lastic isation  from bu lk  plasticisation.
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6 .4 .2  S tu d ies on  p la stic isa tion  o f  am orphous lacto se  by sorbed water

In the  previous section the p lastic isation  effect of sorbed w ater w as stud ied  u s in g  a  

hydrophobic m odel (am orphous indom etacin) w here the  overall effect w as lim ited to 

the  surface of the  particle. This m ay no t be the  case w ith hydrophilic su b s ta n c e s  

w here w ater d istribu tion  could be m ore rap id  an d  uniform  th ro u g h o u t the bu lk  of the  

particle. In th is  s tudy  tran sitio n s  in  am orphous lactose were followed a s  a  function  of 

RH using  Inverse gas chrom atography (IGC).
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Figure 6-9: R etention volume calcu lated  (Vcom and  Vmax) an d  p ressu re  drop ac ro ss  

am orphous lactose colum n a t 30°C, initially 0%RH an d  sequentially  increasing  RH. 

Arrows indicating the tran sitions  in am orphous lactose, first tran sition  (Tl), g lass 

tran sition  (T2) an d  collapse (T3).

It could be seen  from Figure 6-9 th a t, unlike am orphous indom etacin  (Figure 6-5) 

there  w as no place a t w hich a  b reak  betw een Vcom and  Vmax w as observed. For 

am orphous indom etacin  the  point a t  w hich Vcom and  Vmax deviated (i.e. the  po in t a t  

w hich there  w as a n  increase in  tailing of reten tion  peak) w as tak en  to be the  po in t a t  

w hich the  surface had  been plasticised  su ch  th a t  Tg = T, (Buckton et al., 2004). The 

rationale for th is  study  w as the  correlation of the  change in ability of the  sam ple to 

absorb  decane to a  tran sition  in  am orphous indom etacin. In the  case of lactose, Vm ax 

an d  Vcom values were sim ilar an d  did no t deviate, w hich would indicate th a t  there  

w as little tendency for decane to abso rb  into am orphous lactose. There is fu rth e r 

work required  to see if o ther probes could be selected, w hich w ould show changes in
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absorp tion  and  hence a  deviation betw een Vmax an d  Vcom for lactose. D espite the 

fact th a t  Vmax an d  Vcom did no t deviate from each  o ther a s  RH changed, it w as clear 

(Figure 6-9) th a t  the  reten tion  volume changed  a s  a  function of hum idity. Also 

plotted in Figure 6-9 w as p ressu re  drop across the  colum n, an d  it w as clear th a t  there  

were two regions in  w hich th is  changed, one after 10% RH and  an o th er after 35%RH. 

E ach  change w as taken  a s  a  tran sition  point for am orphous lactose an d  stud ied  a t 

different tem pera tu res.

6 .4 .2 .1  The low RH tran sition  region (ca 10% RH)
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Figure 6-10: The plot of reten tion  volume (Vmax) of decane aga inst RH, arrow s show 

the first tran sition  in am orphous lactose.

The low RH region (in Figure 6-9) w as explored fu rther by studying  the reten tion  

behaviour of decane as  a  function of tem pera tu re  an d  RH. It could be seen  (Figure 6- 

10) th a t  reten tion  behaviour show ed a  clear b reak  a t  the  following conditions, 25°C /18  

%RH; 30°C/12% RH; 35°C /9%  RH an d  40°C /8%  RH. These tran sitio n s  exactly 

m atched  the  change in p ressu re  drop in the  colum n (Figure 6-11), dem onstra ting  th a t 

the  sam ple is a ltering its geometry a t a  defined point, w hich a lte rs  the re ten tion  

volum e of decane (Vmax) an d  p ressu re  drop in th e  colum n; in  e ither case (i.e. e ither 

change in Vmax or p ressu re  drop) it w as clear th a t  there  w as a critical point.
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Figure 6-11: The colum n p ressu re  drop for am orphous lactose a s  a  function of RH, 

arrow s show the  first tran sition  in am orphous lactose.

The w ater u p tak e  for am orphous lactose a t  each  tem pera tu re  w as d iscussed  

previously (section 4.1). It could be seen th a t  from 8-18%RH the  m ass  change sta rted  

deviating betw een each  isotherm . At 25°C/17.2% RH  ab o u t 2.5%  w ater could be 

absorbed  by am orphous lactose which w as equal to m onolayer coverage (from BET 

equation). The Tg of am orphous lactose contain ing  2 .5% w /w  of sorbed w ater w as 

equal to 74.3°C (calculated using  Gordon an d  Taylor equation); for 2% w ater con ten t 

the  calcu lated  Tg w as 81°C an d  for 3% it w as 67°C. This equated  to Tg being 

approxim ately 40°C above the experim ental tem pera tu re  a t the  poin t of th is  transition , 

th is  w as in keeping w ith the  proxim ity to Tg below which there  is no, an d  above which 

there  is significant m olecular mobility (Hancock an d  Zografi, 1997).

It is likely, therefore, th a t  the  IGC m ethod is revealing a  tran sitio n  th a t  equated  to the 

onset of significant m olecular mobility in am orphous m aterial.
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6 .4 .2 .2 The secon d  tran sition  region (30-40%  RH)

The reten tion  volum e of decane decreased  w ith increase in  RH for am orphous lactose 

a t 30°C (Figure 6-9). The decrease in re ten tion  volum e could be an tic ipated  with 

increased  hydrophilic ch arac te r of am orphous lactose b u t the  g radual increase w as 

accom panied w ith a  b reak  (sudden or m ore rap id  decrease) a t 30-35%RH, The b reak  

in the  re ten tion  volume line a t 30-35%RH w as followed by a  sh a rp  decline in  p ressu re  

drop values a t 35-40%RH. The collapse of am orphous lactose in  th e  colum n w as 

evident from the  fall in  p ressu re  drop values, a s  the  original colum n offered more 

resis tance  to the  flow of carrier gas th a n  the  collapsed colum n (from 35-40% , Figure 6- 

9). Since the collapse in  am orphous sta te  follows glass tran sition  it w as likely th a t  the 

b reak  in reten tion  volum e line a t 30-35%RH could be due to the  tran sition  from the 

glassy to rubbery  state .

R etention volume (ml) 

P ressu re  drop (torr) 

D ifferential w ater sorption

0.4

0.35

240 0.3
"3 u

200

0.25
160

120 0.2
FH2

80
RH3 0 .15

40
R H l

37%
15 25 30 35 45 5040

Figure 6-12: A com parison of g lass transition  an d  collapse seen using  DVS an d  IGC 

a t 25°C for am orphous lactose. G lass tran sitio n  from change in re ten tion  volum e 

(RHl), collapse from p ressu re  drop (RH2), collapse from reduced  w ater up take  by DVS 

(RH3), value predicted using  Gordon Taylor equation  37%RH.

In Figure 6-12, IGC resu lts  were com pared directly w ith w ater up tak e  resu lts  for 

am orphous lactose a t 25°C obtained  by DVS. It w as d iscussed  in section 4 .1 .1 .2  th a t 

by using  Gordon Taylor equation  the  calcu lated  RH required  for ju s t  sufficient w ater 

sorption to lower the  dry g lass tran sition  tem pera tu re  to experim ental tem pera tu re
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w as equal to 37%RH. DVS weight change d a ta  exhibited  the  m axim um  step  change a t 

40%RH a t 25°C. The deviation in  reten tion  volum e (Figure 6-12) is in  keeping w ith the 

point w here ra te  and  ex ten t of w ater sorption are  seen  to change. Hence, the  break  

point in reten tion  volume is a  very clear indication of the  sam ple passing  th rough  its 

glass transition .

T em perature

(°C)

G lass tran sition  

(%cRHg)

Collapse

(%RH)

25 34-38 38-42

30 26-30 30-34

35 18-21 21-24

40 18-21 21-24

Table 6-2: The com bination of tem pera tu re  an d  %RH values for g lass tran sition  and  

collapse in am orphous lactose obtained by IGC.

The RH region in  w hich there  w as a  b reak  in re ten tion  volum e line (glass transition) 

an d  p ressu re  drop (collapse), are  show n in Table 6-2 for each  experim ental 

tem pera tu re . It could be seen th a t  %RH required  to lower the  g lass tran sition  to 

experim ental tem pera tu re  decreased  w ith increase in tem pera tu re . A sim ilar effect 

w as also observed for the  collapse (%RH). It h a s  been show n th a t  IGC can  identify Tg 

of am orphous m ateria ls by following reten tion  of a  single probe an d  th a t  th is  is seen to 

correlate to the  region w here ra te  and  ex ten t of w ater sorption to am orphous m ateria l 

changes. IGC in  com bination w ith m oisture sorp tion  d a ta  h a s  proved powerful in 

showing these  four significant featu res (initial mobility, Tg, collapse, crystallisation) 

an d  th is  is seen  a s  a  valuable advance in the study  of am orphous sam ples.
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6 .5 E stim ation  o f  zero m obility  tem perature (Tk)

In the previous sections of the  thesis  a  n u m b er of techn iques to charac te rise  the  

am orphous s ta te  of different su b stan ces  have been  described. The am orphous sta te  

w as charac te rised  w ith respect to the  critical relative vapour p ressu re  of solvent 

(%cRS) required  to induce a  spon taneous tran s itio n  (e.g. m obility onset, g lass 

tran sition  an d  crystallisation) a t a  pa rticu la r tem pera tu re . The dependence of %cRS 

value on tem pera tu re  indicated  a  link betw een m olecular m obility an d  the  estim ated  

value of %cRS. This section deals w ith the  estim ation  of zero mobility tem pera tu re  

(Tk) by ex trapolating  the  rela tionship  observed betw een various %cRS values and  

tem pera tu re .

6 .5 .1  E stim ation  o f zero m obility  tem perature (Tk) for am orphous lacto se

Tem perature

r c )

M obility on set Glass tran sition  

(%cRHg)

C rystallisation

(%cRHcry)

(IGC) IGC DVS DVS

25 19.5 40 37 57.5

27 16.5 — - —

30 13.5 31.5 34.5 52.5

35 10.5 25.5 31.5 47.5

40 8.5 20.5 28.5 47.5

45 — -- 26 42.5

50 — — 25 37.5

55 — — 20.5 37.5

Table 6-3: The values of critical RH (%cRH) m easu red  using  different approaches as  a  

function of tem pera tu re  for am orphous lactose.

A list of different critical %RH values obtained  for am orphous lactose using  DVS and  

IGC are  show n in Table 6-3. A clear dependence of tem pera tu re  w as observed for the  

estim ated  value of %cRH. As a  next step  dependence of %cRH on tem pera tu re  w as 

stud ied  by plotting %cRH aga in st 1/T  using  a  d irect re la tionsh ip  a n d  exponential 

relationship . The equations of the  stra igh t lines obtained  from  the  best fit and  

corresponding R2 values are  show n in Table 6-4; w hereas equations of the  stra igh t 

lines, ob tained  by plotting n a tu ra l logarithm  of %cRH an d  1 /T  are  show n in Table 6-5. 

Extrapolation of mobility onset line to 0%RH should  correspond to a  value of 

tem pera tu re  below w hich am orphous s ta te  w ould lack any m olecular mobility. The 

tem pera tu re  obtained  using  th is  m ethod w as 51.78°C, w hich w as in agreem ent w ith 

the  tem pera tu re  a t w hich no aging w as observed w hen stud ied  using  en thalpy  

relaxation (Section 3.4).
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E quation  of s tra igh t 
line

R2 Extrapolation to %RH
0%RH 100%RH

Mobility onset 
(IGC)

y = 66.096x -  203.51 0.95 51.78°C -55.23°C

G lass
transition

(IGC)

y = 120.5 2 x -  365.25 0.99 56.96°C -13.96°C

G lass
transition

(DVS)

y = 53 .13X - 141.08 0.99 103.57°C -52.62°C

C rystallisation
(DVS)

y = 6 6 .4 8 x -  166.53 0.96 126°C -23.57°C

Table 6-4: Equation  of the  stra igh t line obtained  by directly p lotting %cRH against 

1000 /T  an d  the  values obtained by extrapolating line to 0 and  100%RH.

E quation of stra igh t 
line

R2 Extrapolation to 100%RH

Mobility onset 
(IGC)

y = 5 .0842X - 14.134 0.99 -1.7°C

G lass
transition
(IGC)

y = 4 .1358X - 10.93 0.99 6.48°C

G lass
transition
(DVS)

y = 1.6283x -  1.844 0.99 -20.51°C

C rystallisation
(DVS)

y = 1.444x -  0.7979 0.96 -6.114°C

Table 6-5: E quation  of the  stra igh t line obtained  by plotting ln(%cRH) aga in st 1000/T  

and  the values obtained by extrapolating line to 100%RH.

Theoretically, extrapolation of the  g lass tran sition  line to 0%RH should  correlate to the  

dry Tg of am orphous lactose b u t the  value obtained (56.96°C) w as very m uch  different 

th a n  d iy  Tg of am orphous lactose (110°C), It w as possible th a t  am orphous lactose 

follows an  exponential dependence of %cRHg on 1/T. W hereas the  extrapolation  to 

0%RH correlated  to the  respective tran sition  u n d e r dry conditions, the  ex trapolation to 

100%RH should  correlate  to the  value of tem pera tu re  below w hich am orphous sta te  

h a s  to be stored in order to avoid the  tran sition  a t 100%RH. This m ean t th a t  if the  

am orphous lactose h a s  to be stored a t  100%RH w ithou t any m olecular mobility it h a s  

to be stored a t  below -55°C (using d irect relationship) or -1.7°C (using exponential 

rela tionsh ip).

Using th is  approach  it w as possible to estim ate zero mobility tem p era tu res  for 

am orphous lactose as  w hilst tak ing  into accoun t the  w ater con ten t and  %RH of 

storage conditions.
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6 .5 .2  E stim ation  o f zero m obility  tem perature (Tk) for am orphous in d om etacin

D irect relation E xponential relation

Equation  of s tra igh t line y = 292 .31X - 899.61 y = 4.7364X -  11.466

R2 0.99 0.99

Extrapolation to 0%RH 51.92°C —

100%RH 19.42°C 21.71°C

Table 6-6: Equation  of stra igh t line obtained by plotting %cRH aga in st 1000 /T  for

direct rela tionsh ip  and  ln(%cRH) aga inst 1000/T  for exponential rela tionsh ip  for 

am orphous indom etacin.

E quations of s tra igh t lines obtained by plotting d irect relation an d  exponential relation 

are show n along with the  extrapolation to 0%RH an d  100%RH in Table 6-6. The 

im portan t different betw een s tud ies on am orphous s ta te  of indom etacin  an d  lactose 

w as the  tem pera tu re  range of IGC analysis. W hereas am orphous lactose w as analyzed 

below Tk in the  dry s ta te  of all analytical conditions am orphous indom etacin  w as 

analyzed above Tk or there  existed som e m olecular m obility in  am orphous sta te  of 

indom etacin. Since the m olecular mobility decreases w ith the  decrease in 

tem pera tu re , the  %cRHg would increase w ith the  drop in tem pera tu re .

The ex trapolated  value of tem pera tu re  corresponding  the m axim um  RH (i.e. 100%RH 

from the exponential relation) would correlate to the  least possible m olecular mobility 

and  hence to zero mobility tem pera tu re  (Tk) in am orphous s ta te  of indom etacin.
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Chapter 7  C h arac te risa tio n  o f

am orphous s ta te  using  

n ea r in frared  spectro scopy
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7 .0  C haracterisation o f  am orphous s ta te  usin g  near infrared sp ectroscop y

V arious spectroscopic techn iques su ch  as  FT-Infrared, Near infra-red, NMR, R am an 

and  m ore recently  T erahertz  spectroscopy are being u sed  in  solid sta te  

charac te risa tion  of pharm aceu ticals. The various applications for w hich these 

techn iques are  u sed  include charac te risa tion  of polym orphic s tru c tu re s  e.g. FT-IR 

(Rustichelli e t al., 2000), R am an (Anwar et al., 1989); quantification  of crystallinity  in 

am orphous m ix tures e.g. FT-Ram an (Taylor and  Zografi, 1998a) Near IR (Hogan and  

Buckton, 2001); extent of hydrogen bonding betw een different co n stitu en ts  e.g. FT- 

R am an (Taylor an d  Zografi, 1998b).

The spectroscopic techn iques provide inform ation abou t the  position of peak  

absorp tion  for a  chem ical bond (i.e. w ave-num ber or frequency), along w ith peak  

d istribu tion  or a  frequency range over w hich the  peak  is d istribu ted . The peak 

absorp tion  p a tte rn s  obtained in the  fingerprint region of IR spectra  provide 

inform ation ab o u t the  presence of chem ical functionalities, a lthough  th is  region is not 

very m uch  affected by different lattice s tru c tu re s  (e.g. polym orphism ). W hereas IR 

spectra  consist of fundam en ta l vibrations of chem ical bonds. N ear-infrared (NIR) 

spectra  consists  of m ainly overtones and  the  com binations of fundam en ta l absorp tion  

m odes.

NIR spectroscopy h as  been show n useful in d istinction  betw een am orphous and  

crystalline s ta te s  of lactose (Buckton et al., 1998). FT-Ram an an d  FT-IR spectroscopy 

h a s  been show n usefu l in  com paring the  hydrogen bond p a tte rn s  and  s treng th  

betw een the  crystalline an d  am orphous s ta te s  of different dihydropyridine calcium  

channel blockers (Tang e t al., 2002).

The hydrogen bonding s tud ies using  IR an d  R am an spectroscopy are  based  on 

estim ation  of peak  position for X-H stre tch . The free X-H stre tch  is charac te rised  by a 

sh a rp  peak, w hereas on form ation of hydrogen bond X-H- - Y (where Y is the  acceptor 

atom) the  peak  sh ifts to a  lower w ave-num ber an d  becom es m u ch  broader. This shift 

in w ave-num ber is caused  by the lengthening of X-H bond a s  a  resu lt of hydrogen 

bond form ation. A stronger hydrogen bond will lengthen  X-H m ore an d  produce a 

shift to a  lower w ave-num ber (Tang et al., 2002). This theory w ould no t change while 

in terp re ting  Near Infrared spectra  in stead  of Infrared spectra.

In th is  work NIR spectroscopy is being a ttem pted  to u n d e rs ta n d  the  ongoing 

s tru c tu ra l changes in an  am orphous sta te  (which lead to crystallisation).
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NIR spectrum  is norm ally plotted as absorbance  aga in st w avelength. This spectrum  is 

the  characteris tic  of chem ical a s  well a s  the  physical s ta te  of the sam ple. In th is  work 

m athem atically  trea ted  NIR d a ta  as  2 ^̂  ̂ derivative SNV (standard  norm al variate) w as 

u sed  for the  com parison  betw een two NIR spectra. This m athem atica l trea tm en t 

should  remove any difference due to particle size b u t would resu lt in dow nw ard 

d isp lacem ent of the  peaks The peak  absorp tion  b an d s  obtained  from NIR spectra  

could be correlated  to stre tch ing  vibrations of different chem ical bonds. The m ost 

relevant absorp tion  ban d s observed in the  NIR range are  due  to C-H stre tch ing , N-H 

stre tch ing  and  C=0 stre tch ing  vibrations along w ith  th e ir com binations and  overtones.

The peak obtained due to upward displacement of absorbance in the normal spectmm will correspond 
to the peak of downward displacement in 2° ^  Derivative SNV due to the mathematical treatment.
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7.1 Solid s ta te  characterisation  o f  am orphous indom etacin  using near 

infrared spectroscopy

Amorphous Indom ethacin 
Crystalline Indomethacin

m

- h  0 -

- 2 -

20001200 1 4 0 0 1 6 0 0 1 8 0 0

Wavelength (nm)

Figure 7-1: A com parison betw een NIR spectra  of am orphous and  crystalline (y-fbrm) 

indom etacin. The encircled p a rt m arks the difference in  NIR absorption p a tte rn  of 

am orphous and  crystalline state.

NIR spectra  of the am orphous and  crystalline s ta te  of indom etacin exhibited several 

differences (Figure 7-1) their possible correlation is sum m arized in Table 7-1.

The prom inent differences betw een NIR spectra  of am orphous an d  crystalline 

indom etacin were observed m ainly in  the  region of C-H stre tch ing  absorption. Two 

d istinct absorption b an d s  were observed for crystalline indom etacin a t 1346nm  and 

1384nm , w hereas for am orphous sta te  more th a n  two absorption b an d s  were observed 

in  th is  wavelength range (1342-1416nm). The absorption in  th is  wavelength range is 

generally observed due to l«t overtone of C-H com binations. A lthough m ultiple bands 

w ith differing in tensities were observed for bo th  crystalline an d  am orphous 

indom etacin  in  the  region of 1610 to 1780nm  their peak position rem ained  the  sam e. 

This wavelength region (1610-1780nm ) m ainly corresponds to the  1»̂  overtone of C-H 

stre tch ing  vibration. Two d istinct absorp tion  b a n d s  were observed for crystalline 

indom etacin  a t 1988 and  2010nm , w hereas for am orphous indom etacin a  broad band 

w as observed in  th is  range w ith a  peak  a t 2008nm  an d  a  shou lder a t 1990nm . The 

absorp tion  in  th is  region of NIR corresponds to C =0 1=* overtone an d  O-H 

com binations.
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C ry s ta llin e  In d o m e ta c in A m o rp h o u s  In d o m e ta c in P o ssib le  c o rre la tio n

S harp  peak  a t 1184nm Broad peak  a t 1184nm 2 nd overtone of C-H

Two d istinct peaks a t 

1346nm  an d  1384nm

Broad m ajor peak  w ith su b 

peaks a t 1362, 1382 an d  

1400nm

l®t overtone of C-H 

com binations

Two d istinct peaks a t 

1988nm  an d  2010nm

Two peaks m erged giving a  

m ajor peak  a t 2008nm  w ith 

a  sm all shou lder a t 1990

C om binations of C=0 

1̂  ̂overtone w ith O-H 

stre tch

Table 7-1: A sum m ary  of peak  NIR abso rp tions for am orphous an d  crystalline

indom etacin.

A lthough the  am orphous an d  crystalline indom etacin  have the  sam e chem ical 

s tru c tu re  a  m ultitude  of differences were observed in the ir NIR spectra. These 

differences were m ainly in  the  absorp tion  region of C=0 and  O-H stre tch ing  ban d s and  

C-H overtones. The presence of two d istinct 0 = 0  s tre tch ing  b an d s  a t 1988 and  

2010nm  for the  crystalline sta te  could be due to separa te  absorp tion  by two different 

carbonyl (ketonic and  carboxyl carbonyl group) groups one of w hich exhibiting strong 

hydrogen bond (hence displaced to a  h igher wavelength i.e 2010nm ). The single broad 

absorp tion  band  w ith a  peak shifted to 1990nm  in the  am orphous s ta te  is possible if 

both  carbonyl groups (ketonic an d  o ther carboxyl carbonyl) exhibited hydrogen 

bonding. The differences in C-H absorp tion  b an d s  in am orphous and  crystalline sta te  

could indicate differing chem ical environm ents in  the  two s ta te s  of indom etacin.
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7 .2  Solid s ta te  characterisation  o f  am orphous n ifed ip ine using  near infrared 

spectroscopy

I -
Û

-3  -
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C ry sta llin e
A m o rp h o u s
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Figure 7-2: A com parison of NIR spectrum  of nifedipine in  am orphous s ta te  w ith

crystalline soUd. Encircled p a rt an d  arrow s m ark th e  differences in  NIR absorption 

p a tte rn  of am orphous and  crystalline state.

NIR spectrum  of am orphous an d  crystalline nifedipine exhibited m any differences, th is  

included shifting and  broadening of m ajor peaks along w ith the presence of altogether 

new  peaks for bo th  sta tes. A com parison betw een NIR spectra  of am orphous and  

crystalline nifedipine is  dem onstrated  in  Figure 7-2. The m ajor differences were 

observed in the  region of N-H l^t overtone, C-H overtones and  C=0 stre tch  2"^ overtone 

(sum m arized in  Table 7-1). In  the  crystalline s ta te  two sm all peaks were p resen t a t 

1346 and  1390nm  (in the region of h* overtone of C-H combinations) a s  com pared to 

th ree d istinct peaks a t 1346, 1370 an d  1392nm  in  the am orphous s ta te  (additional 

peak a t 1370 for am orphous soHd). In the  region of the  overtone of N-H stre tch , a  

sh a rp  peak a t 1530 w ith a  shoulder a t IS lO nm  w as observed for the crystalline sta te  

a s  com pared to a  broad peak  a t 1494nm  for the  am orphous sta te . In the  wavelength 

range for 1®* overtone of C-H stre tch  two d istinct peaks a t 1664 an d  1700nm  were 

observed for crystalline nifedipine; in the  corresponding wavelength range a  broad 

peak a t 1664nm  w as observed for the  am orphous sta te . The peak  corresponding to 

2 nd overtone of C=0 s tre tch  a t 2010nm  for crystalline s ta te  w as shifted to a  lower 

wavelength (1998nm) for am orphous nifedipine.
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C ry s ta llin e  n ife d ip in e A m o rp h o u s  n ife d ip in e P o ss ib le  c o rre la tio n

Sm all peaks a t 1346 and  

1390nm

D istinct sh a rp  peaks a t 

1346, 1370 and  1392nm

1st overtone of C-H 

com binations

S harp  peak  a t  1530 w ith a  

shou lder a t  1510nm

Broad peak  a t 1494nm N-H 1st overtone

D istinct peaks a t 1664 and  

1700nm

Broad peak  a t  1664nm 1st overtone of C-H

Peak a t 2010nm Peak a t  1998nm C=0 stre tch  2"^ overtone

Table 7-2: A sum m ary  of peak NIR abso rp tions for am orphous an d  crystalline

nifedipine.

The shifting of N-H an d  C=0 stre tch ing  peak  to a  lower wavelength in the  am orphous 

sta te  as  com pared to crystalline sta te  is an  indication of lower hydrogen bonding in 

the  am orphous as  com pared to the  crystalline state . A sim ilar finding w as reported  

using  FT-Ram an an d  FT-IR spectroscopy for nifedipine (Tang et al., 2002).
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7 .3  Stability  stu d ies o f  am orphous indom etacin  using  NIR
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Figure 7-3: The effect of storage a t 25°C on NIR spectrum  of am orphous indom etacin.

The effect of storage a t 25°C for am orphous indom etacin stud ied  using  NIR is  shown 

in Figure 7-3. It could be seen  th a t NIR spectra  of am orphous indom etacin rem ained 

the sam e over 70h  of storage a t 25°C. The m olecular mobility stud ies using  en thalpy 

recovery a t 25°C showed the average relaxation tim e value to be 34 h  for am orphous 

indom etacin (Section 3.4.3). A lthough the am orphous sta te  exhibited m olecular 

mobility a t 25°C, NIR spectra  of am orphous indom etacin  rem ained unchanged  over 

70h. NIR spectrum  of am orphous indom etacin stored over a  longer du ration  a t 25°C 

is show n in Figure 7-4. The NIR spectra  of am orphous indom etacin  changed 

gradually  after storage a t 5, 45 and  100 days. The m ajor changes could be seen  in  the 

absorption region of 1«‘ overtone of C-H com binations and  com binations of C =0 l^t 

overtone w ith O-H stre tch  (encircled p a rts  in Figure 7-4). NIR spectra  of am orphous 

indom etacin stored for 100 days a t 25°C w as closely sim ilar to th a t  of crystalline 

indom etacin. A lthough m arked  changes were observed in  NIR spectra  of am orphous 

indom etacin stored for 100 days a t 25°C, little or no changes were observed for 100 

days storage a t 5°Ci7 (Figure 7-5).

The peak at 1908nm for amorphous solid at 5°C is due to presence of moisture.



197

2 - r Initial 
5 Days 
45 Days 
100 Days

I
CN

1 400 1600 1 800 2000

Wavelength (nm)

Figure 7-4: NIR spectra  of am orphous indom etacin taken  a t various time intervals 

after storage a t 25°C (O^RH). The encircled part dem onstra tes  the s tru c tu ra l changes 

a s  the  process of ciystaU isation proceeds in  the  am orphous sta te  a t 25°C (0%RH).
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Figure 7-5: The effect of storage tem pera tu re  on the rate  of crystallisation as

dem onstra ted  by NIR spectra  of am orphous indom etacin stored a t 5 and  25°C for 100 

days. The encircled p a rts  show  the  region where gross changes were observed.
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7 .4  Stability stu d ies  o f  am orphous n ifedipine using NIR
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Figure 7-6: The effect of storage tem perature on NIR spectra  of am orphous

nifedipine.

W hereas am orphous indom etacin did no t show any change in  the NIR spectra  for 

storage of 70h at 25°C (Section 7.3, Figure 7-3), am orphous nifedipine exhibited m any 

changes w ithin 22h  of storage a t 25 an d  40°C. The prom inent changes observed in 

NIR spectra  for the  am orphous nifedipine were in the  wavelength region where N-H, C- 

H and  C=0 exhibited absorption b an d s  (Figure 7-6). The peak a t 1494nm  due to N-H 

stre tch ing  for the  initial s ta te  of am orphous nifedipine w as shifted to 1520nm  (for 22h  

a t 25°C) an d  1522nm  (for 22h  a t 40°C) as  com pared to 1530nm  in crystalline 

nifedipine. The broad  peak  a t 1664nm  (due to C-H stretch) in  the  initial s ta te  w as 

gradually  divided into two peaks a t 25°C an d  a t 40°C. The broad  peak  a t 1998nm  

(due to C=0 stretch) for initial am orphous s ta te  w as narrow ed after 22h  a t 25°C. 

A lthough peak  positions rem ained  the  sam e for 22h  of storage a t 25 an d  40°C, th e  

peak in tensity  w as higher (for all the peaks) a t 40°C a s  com pared to 25°C.

All these changes in  the  NIR spectra  of am orphous nifedipine are clear indication of a  

g radual increase in  the  streng th  of hydrogen bonds. Although it is  no t necessary  th a t 

the am orphous nifedipine would transform  into a  given polymorphic form, its  sp ec tra  

w as evolving tow ards the form used  a s  a  s tandard  for th e  ciystaUine s ta te  in  th is  

study.
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Figure 7-7: The evolution of the  NIR spectra  of am orphous nifedipine a t 25°C,

encircled region shows the changes in  the peak position.
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Figure 7-8: The evolution of the NIR spectra  of am orphous nifedipine a t 40°C,

encircled region show s the changes in  the  peak position.

The NIR spectra  recorded over tim e intervals for am orphous nifedipine by keeping 

isothermaUy a t 25 and  40°C are shown in Figure 7-7 and  Figure 7-8 respectively. The
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evolution process of N-H stre tch ing  peak  a t 1494nm  an d  C-H stre tch ing  peak  a t 

1664nm  could be seen clearly. This process w as accelerated  a t 40°C (Figure 7-8) as  

com pared to 25°C (Figure 7-7).
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7.5  Interpretation o f  NIR spectra to  stu dy physical tran sition s in  am orphous 

sta te

Therm odynam ically, aging of the am orphous sta te  could be trea ted  a s  reversible 

w hereas crystallisation a n  irreversible transition . The estim ate of en thalpy relaxation 

w as u sed  to study the p rocess of aging in  am orphous solids (Section 3.4). It w as 

difScult to d istinguish  betw een the two stages (viz. aging and  crystallisation) by using 

NIR spectroscopy. The changes in  NIR spectra  could be in terpreted  a s  physical 

transform ations of the solid state .
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Figure 7-9: The NIR spectra  of am orphous indom etacin after 5 an d  10 days of storage 

a t 25°C, the  dotted circle show s the p a rt of spectra  where changes were observed 

w hereas the  solid circle show s the p a rt in  w hich the spectra  rem ained unchanged  over 

10 days.

In the case of am orphous indom etacin extended storage (5-lOdays) a t 25°C w as 

accom panied w ith changes in  m ainly two regions of the NIR spectra. The changes 

were observed in  the b and  position for the  1®* overtone of C-H com binations (1340- 

1420nm) and  C=0 1®‘ overtone com bined with the O-H stre tch  (1976-2026nm ) (Figure

7-9). The NIR spectra  of am orphous indom etacin recorded over 10 days of storage a t 

25°C showed changes only in  the  1340-1420nm  wavelength range w hereas b an d s  a t 

1976-2026nm  range rem ained unchanged  (Figure 7-9). It w as only after 45 days of 

storage a t 25°C the changes were observed in  absorption b an d s  a t 1976-2026nm  

(Figure 7-4). Since the am orphous indom etacin exhibited m olecular mobility a t 25°C
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(average relaxation tim e of 34h, Table 3.6), it is possible to correlate changes in C-H 

absorp tion  band  position in the  1340-1420nm  range to the  aging of the  am orphous 

solid. It is only the changes in absorp tion  b an d s  of 0 = 0  an d  O-H w hich correla tes to 

the  process of crystallisation in  am orphous indom etacin. This is a  reasonable  

conclusion since the  process of crystallisation  generally follows in te r a n d /o r  

in tram olecu lar hydrogen bonding an d  in indom etacin  the  only group w hich  could be 

involved in  hydrogen bonding is -COOH,

In the  case of nifedipine it is the  N-H group, w hich will be involved in  the  form ation of 

hydrogen bonds hence the process of crystallisation  w ould clearly accom pany changes 

in  the  band  position for the  N-H stre tch . The changes were observed in  b a n d  position 

of the  N-H stre tch  w ith in  a  couple of h o u r’s storage of am orphous nifedipine a t 25 

(Figure 7-7) an d  40°C (Figure 7-8). The en thalpy  relaxation re su lts  indicated  

rem arkable  dependence of m olecular m obility on storage tem pera tu re , since the 

average relaxation tim e changed  from O.SSh a t  35°C to 2098h  a t  25°C. The NIR 

s tud ies ind icated  absence of any lag tim e betw een aging and  crysta llisa tion  of 

am orphous nifedipine. This w as in co n tra s t to am orphous indom etacin  where 

crystallisation  could be observed only after a  few days of storage a t 25°C.
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Chapter 8 F u tu re  w ork and  sum m ary
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8 .0

8.1

Future work and sum m ary

E stim ation  o f en thalp y o f  so lu tion  as a fu n ction  o f  tem perature

The en thalpy  change associated  w ith the solubilization of any solid (AH) consists of 

m ainly two com ponents, one due to the breaking  of lattice s tru c tu re  of the  solid 

(AHiattice) an d  second the form ation of bonds w ith the liquid m olecules (AHsoivation).

^ l a t t i c e  solvation

It could be assu m ed  th a t the  second com ponent (i.e. h ea t associated  w ith form ation of 

bonds betw een solid an d  liquid molecule) ( A H s o i v a t i o n ) .would rem ain  unaffected  for 

different solid s ta te s  of the sam e m olecule (i.e. for am orphous an d  crystalline state). 

The difference observed in h ea t of solution values ( A H )  betw een am orphous and  

crystalline sta tes, as  a  function of tem pera tu re  w ould correlate to the  susceptib ility  of 

the  am orphous sta te  to the  change in tem pera tu re . The value of tem p era tu re  a t  which 

A H  reaches zero could be correlated to the  K auzm ann tem pera tu re  (tem peratu re  of 

zero m olecular mobility).

This approach  is based  on estim ation  of Gibbs free energy difference AG, against 

tem pera tu re  to a sse ss  the  stability rela tionsh ip  of different polym orphs (V ippagunta et 

al., 2001).

Tem perature Indometacin heat of solution (AH) 
(J/gm)

Nifedipine heat of solution (AH) 

(J/gm)

Amorphous

(A)

Crystalline

(B) A-B
Amorphous

(A)

Crystalline

(B) A-B

25°C -33.20 23.05 56.2 -24.80 33.45 58.3

35°C -36.12 27.49 63.6 -32.68 37.88 70.6

40°C -33.71 32.15 65.9 -26.10 40.85 67.0

Table 8-1: A list of h ea t of solution values, for the  crystalline and  th e  am orphous 

s ta te s  ob tained  a t different iso therm al tem pera tu res. H eat of solution w as determ ined 

using  DMF a s  a  solvent for indom etacin  an d  nifedipine.

The AH of am orphous sam ple w as exotherm ic a s  opposed to endotherm ie value for 

crystalline solids (Table 8-1). As the tem pera tu re  w as increased  from 25 to 35°C, the 

AH for the  am orphous s ta te  becam e m ore exotherm ic w hereas for the  crystalline sta te  

it becam e m ore endotherm ie. Since, AHsoivation should  rem ain  sam e for am orphous and  

crystalline s ta te  a t  any  tem pera tu re  the  value of AH would rep resen t the  difference in 

the  energy s ta te s  of am orphous and  crystalline solids or the  difference in  the  lattice
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energy AHiattice betw een am orphous an d  crystalline solid. Since in te rn al energy of a  

solid depends on the m olecular mobility, a  change in  tem pera tu re  shou ld  accom pany 

a  change in in te rnal energy m ainly in the  am orphous sta te  since the  m olecules in 

crystalline s ta te  are held together by strong  in term olecular bonds. It could be noticed 

from Table 8-1 th a t  the  value of AH increased  from 56.2 J /g m  to 63 .6  J /g m  for 

indom etacin  an d  from 58.3 J /g m  to 70.6 J /g m  for nifedipine w ith  increasing 

tem pera tu re  from 25 to 35°C. At 40°C it w as an tic ipated  th a t  AH would increase for 

both  indom etacin  as  well a s  nifedipine, although  for indom etacin  increase in 

tem pera tu re  from 35°C to 40°C resu lted  in a  slight increase in AH b u t resu lted  in 

decrease in  AH for nifedipine. As seen from NIR stud ies, am orphous nifedipine w as 

highly u n stab le  a t  h igher tem pera tu re  an d  a  decrease in  AH could be correlated  to 

partia l crysta llisa tion  of am orphous solid.

At 25°C the  difference in AH for indom etacin an d  nifedipine w as very sim ilar (56.2 

J /g m  for indom etacin  an d  58.3 for nifedipine) w hereas a t  35°C, AH value w as m uch  

h igher for nifedipine a s  com pared to indom etacin. The higher AH for nifedipine a s  

com pared to indom etacin  w as indicative of h igher in te rnal energy an d  hence higher 

m olecular mobility a t bo th  25°C an d  35°C. The effect of increasing  tem pera tu re  w as 

m uch  h igher for nifedipine as  com pared to indom etacin  (Figure 8-1). The value of AH 

w ould decrease w ith the lowering of tem pera tu re  and  a t certa in  tem pera tu re  it would 

reach  zero w here the difference betw een h ea t of solution of am orphous an d  crystalline 

solid w ould be sam e; th is  tem pera tu re  could correlate  to the  K auzm ann tem pera tu re  

for am orphous state .
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Figure 8-1: The difference in h ea t of solution of am orphous an d  crystalline sta te

plotted a s  a  function  of tem peratu re .
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This approach  could be fu rth e r stud ied  using  a  Micro-SolCal assem bly in  conjunction 

w ith TAM. Micro-SolCal can  be u sed  a t a  range of tem p era tu res  an d  w ith  sm aller 

equilibration tim e as  opposed to fixed few fixed tem p era tu res  w ith longer equilibration 

tim e for SolCal. Reducing the equilibration tim e can  significantly reduce the  influence 

of various p rocesses su ch  a s  relaxation an d  crysta llisa tion  in  am orphous solid.

8 .2  Study p la stic isa tion  e ffect o f  organic so lv en ts  on  am orphous s ta te  using  

IGC

The p lastic isation  effect of sorbed w ater on the  am orphous m aterial h a s  been studied  

in detail u sing  IGC (Section 6.0). It w as also dem onstra ted  using  perfusion u n it 

coupled w ith TAM th a t  various tran sitio n s  in am orphous m ateria l could be stud ied  as  

the  vapour p ressu re  of different organic solvents w as ram ped  (Section 5.4).

In th is  work an  a ttem p t w as m ade to charac te rise  tran sitio n s  on th e  surface of 

am orphous solid induced  by organic vapours such  a s  n -propanol (%RP) using  IGC. 

The in jections of decane were m ade after equilibrating  the  solids a t  different values of 

%RP. This approach  suffered a  setback  a s  the charac te risa tion  of decane peak using  

flame ionization detector (FID) of IGC w as no t feasible due to the  interference of n- 

propanol vapours.

The charac te risa tion  of tran sitio n s  on the  surface of am orphous solid u n d e r the  

vapour p ressu re  of organic solvents could be very usefu l in u n d e rs tan d in g  am orphous 

sta te  of solid.

F u rth e r s tud ies  are  needed in  order to study  the  effect of organic solvents on the 

am orphous solids using  IGC.
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8 .3  Sum m ary o f th e  th e s is

Most of the  active su b s tan ces  are hydrophobic hence lack  sufficient solubility and  

bioavailability from the solid dosage form. The am orphous form can  exhibit improved 

solubility over the  crystalline form.

Although there  are  several advantages w ith the  u se  of the  am orphous s ta te , it m ay be 

the  las t choice to be used  in solid dosage form. This is m ainly due  to its  tendency  to 

transform  into a  m ore stab le crystalline sta te . The stud ies  on am orphous s ta te  in are 

m ainly focused a round  the  estim ation  of,

A. The ra te  of crystallisation of am orphous sta te  u n d e r different conditions.

B. The conditions, w hich are safe for hand ling  a n d  storage of am orphous state .

C. The approach  to stabilize the  am orphous sta te  of active e.g. solid d ispersions.

The identification of hand ling  an d  storage conditions (tem perature  an d  hum idity) is 

m ainly based  on glass tran sition  tem pera tu re . The recrysta llisa tion  tendency  of 

am orphous form is linked to the  m olecular mobility in  the solid sta te . The prediction 

of the  stability  for the  am orphous sta te  is based  on estim ation  of m olecular mobility 

and  K auzm ann tem pera tu re , Tk. It h a s  been generally observed th a t  m olecular 

mobility become insignificant a t  tem pera tu re  ab o u t 50°C below Tg (Tg-50), so th a t  the 

recrysta llisa tion  can  be avoided over the  shelf life of the  product.

The am orphous sta te  can  up tak e  considerably m ore am o u n t of w ater a s  com pared to 

the  crystalline state . The am oun t of w ater up tak e  depends on th e  RH of the  

conditions to w hich the  solids are  exposed. The absorbed  w ater can  ac t a s  a  

plasticizer by lowering the  Tg of dry solid. The p lastic isation  effect of w ater fu rther 

com plicates the  estim ation  of m olecular mobility in the  am orphous s ta te  m aking the 

prediction of Tk unrealistic . Most of the  techn iques u sed  for charac te risa tion  of 

am orphous solids lack, proper control over RH conditions an d  th is  can  induce an  

erro r in the  estim ation  of Tg.

The techn iques used  to characterise  the  am orphous sta te  are  no longer lim ited to 

differential scann ing  calorim etry (DSC), X-Ray powder diffraction a n d  dynam ic 

m echanical analysis (DMA). V arious techn iques su ch  a s  IR, NIR, NMR, ram an , 

dielectric analysis an d  therm ally  stim ula ted  c u rre n t (TSC) analysis are  being employed 

to fu rth e r u n d e rs ta n d  the  am orphous state .
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The aim  of the  thesis  w as to identify the  techn iques to charac te rise  the am orphous 

sta te  u n d e r the  controlled conditions of tem pera tu re  an d  hum idity . These techn iques 

would th en  be u sed  to identify the  conditions for the  zero m olecular m obility in the  

am orphous m odel su b s tan ces  (indom etacin, lactose an d  nifedipine) selected for the 

study.

In section 3.0, the  charac te risa tion  of the  am orphous s ta te  u sing  DSC w as studied. 

The following resu lts  were obtained.

The estim ated  value of g lass tran sition  for am orphous indom etacin  increased  with 

the  increase in  heating  rate . The variation in Tg w as u sed  to calcu late the  fragility 

index for the  am orphous state . Since the absorbed  w ater can  affect Tg of the  

am orphous s ta te  and  ultim ately the estim ation  of fragility index it is necessary  to 

control the  w ater con ten t of the sam ple an d  the  RH conditions of m easurem ent.

The p lastic isation  effect of absorbed  w ater w as stud ied  for am orphous indom etacin  

and  nifedipine using  hyper-DSC. In the  case of am orphous indom etacin  absorbed  

w ater lowered the  Tg gradually  an d  continually , though  the  effect w as different for 

am orphous nifedipine. The decrease in  ACp due the  sorbed w ater w as more 

p ronounced  in the  case of am orphous nifedipine a s  com pared to am orphous 

indom etacin. At h igher RH it w as difficult to visualize the  g lass tran sition  from 

ACp for am orphous nifedipine. The p lastic isation  effect of sorbed w ater on 

am orphous indom etacin  deviated from the  Gordon Taylor prediction. The observed 

deviation could be due to uneven w ater d istribu tion  in  the  am orphous solid. 

Hyper-DSC w as u sed  successfully  to study  m any a ttr ib u te s  of the  plasticizing 

effect of absorbed  w ater for am orphous solids e.g broadening  of ATg, lowering of 

ACp, m ultiple g lass tran sitio n s  a n d  collapse of the  glassy sta te

• S tepScan  DSC w as u sed  to separa te  the g lass tran sitio n  response from enthalpy  

recovery. This enabled to s tudy  the  aging of the  am orphous solid a t different 

tem p era tu res  below Tg. The m olecular mobility w as estim ated  u sin g  the em pirical 

KWW equation  for am orphous s ta te  of indom etacin , nifedipine an d  lactose. A 

com parison of the  m olecular mobility am ong these  g lasses could be perform ed in 

order to study  the ir crystallizing tendency. The lowering of aging tem pera tu re  

below Tg w as accom panied w ith increase in average relaxation tim e (hence 

decrease in m olecular mobility) for all the  g lasses. F u rth e r lowering of aging 

tem pera tu re  resu lted  in  extrem ely long relaxation tim es, w hich could not be 

m easu red  using  the c u rre n t model. This tem p era tu re  (with extrem ely long 

relaxation  times) could be n ear the  zero mobility tem p era tu re  (Tk). The relaxation
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process an d  hence m olecular mobility could be successfully  s tud ied  using

S tepScan DSC coupled w ith the em pirical KWW equation.

The am orphous s ta te  of lactose, indom etacin  a n d  nifedipine exhibited different w ater 

up tak e  profiles (section 4.0). A lthough the  BET equation  canno t be applied to the 

w ater sorption iso therm  of am orphous solids, the  am orphous lactose exhibited 

a p p a ren t type-II w hereas am orphous indom etacin  an d  nifedipine exhibited ap p a ren t 

type-III iso therm . The sorbed w ater induced  tran s itio n s  in am orphous lactose (e.g. 

p lasticisation , collapse and  crystallisation) w hich could be followed from w ater 

sorption isotherm . A lthough su ch  tran sitio n s  canno t be denied in  am orphous 

indom etacin  they were no t as  obvious from w ater sorption isotherm . The sorbed w ater 

induced  spon taneous crystallisation in  am orphous lactose; th is  w as n o t the  case w ith 

am orphous indom etacin. W ater vapour exposure of am orphous indom etacin  a t  higher 

tem pera tu res  (e.g. 40 an d  45°C) w as required  to induce observable crystallisation. In 

the  case of am orphous indom etacin  absorbed  w ater induced  a  slow crystallisation  

process w hich m ay take several h o u rs  to days for the  com pletion. The differences in 

w ater vapour in teraction  of am orphous lactose an d  indom etacin  could be due to the 

d istribu tion  of the  sorbed w ater. W hereas the  sorbed w ater d is tr ib u tes  freely 

th ro u g h o u t the  bu lk  of the  solid in the  case of am orphous lactose, it m ay be localised 

preferentially a t the  surface for am orphous indom etacin, th is  differential w ater 

d istribu tion  m ay lead to only a p a rt of the  solid undergoing tran sitio n s  a s  opposed to 

the  bu lk  transitions.

At any  given RH, the am oun t of w ater up take  increased  w ith an  increase  in  isotherm al 

tem pera tu re  for am orphous lactose and  am orphous indom etacin  (section 4.0). This 

effect w as a ttr ib u ted  to a n  increase in  m olecular mobility w ith  the  increase in 

tem pera tu re . In the  case of am orphous nifedipine increasing  the  isotherm al 

tem pera tu re  led to a  decrease in  w ater up take  a t all RH values.

The power o u tp u t signal ob tained  from iso therm al perfusion  m icrocalorim etry 

dem onstra ted  sim ilar tran sitio n s  in am orphous lactose (section 5.2) a s  observed from 

the DVS. The range of RH over w hich tran sitio n s  were observed in power o u tp u t 

signal (obtained by TAM) m atched  w ith the  range of RH over w hich a  changes were 

observed in w ater up take  behaviour of am orphous lactose (obtained by DVS). The 

value of RH a t  w hich the changes were observed in  power o u tp u t signal could be 

correlated  to critical RH (%cRH) for am orphous lactose.

In the  case of am orphous indom etacin  only g lass tran sition  could be observed by 

using  a  serial RH ram p  a t 25°C, a s  com pared to g lass tran sitio n  an d  crysta llisa tion  

observed w ith am orphous lactose. The tran sitio n s  in  am orphous indom etacin  viz. 

g lass tran sition  an d  crystallisation  could be followed by using  a  serial ram p  of
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(aliphatic) alcohol vapours su ch  as  m ethanol, e thano l an d  n-propanol. The value of 

%cRM for g lass transition  (%cRMg) an d  crystallisation  (%cRMcry) in am orphous 

indom etacin  could be obtained a t different iso therm al tem pera tu res. The values of 

%cRM decreased as the tem pera tu re  w as increased . ln%cRMg an d  ln%cRMcry 

exhibited a  linear rela tionship  against 1/T. K auzm ann tem pera tu re  (Tk) calcu lated  for 

am orphous indom etacin  by extrapolating In %cRMg an d  ln%cRMcry against 1 /T  line 

correlated to 2.63 and  -12.17°C respectively. Tk value calcu lated  using  the approach  

described in th is  work w as in agreem ent w ith the Tk values reported  for am orphous 

indom etacin  using  o ther approaches.

The glass tran sition  phenom enon could be stud ied  using  IGC, for am orphous 

indom etacin  (section 6.2). The estim ated  value of Tg by IGC (53.3°C) w as different 

th a n  th a t m easu red  using  DSC (44°C) (section 6.3). The different values of Tg 

reported  for am orphous indom etacin  using  DSC indicated  a  clear im pact of RH (under 

w hich the  m easu rem en t were perform ed). The in h eren t advantage of IGC is its  ability 

to control the  RH conditions for the  m easurem ent. As a next step  the  g lass tran sition  

a t the  surface of am orphous indom etacin could be estim ated  a s  a  function of RH. 

This estim ation  w as based  on increasing  tailing of the  decane peak  beyond the  g lass 

tran sition  as  a  p lastic isation  effect of sorbed w ater. Using IGC it w as possible to 

dem onstra te  the  preferential p lasticisation  of the  surface of the  particle as  com pared 

to the  bu lk  (due to RH exposure). This could be usefu l in studying  the  p lastic isation  

of hydrophobic su b s tan ces  where the sorbed w ater is less freely d istribu ted  and  

rem ains localized m ainly a t the  surface of the particle.

IGC w as also effective in studying the p lastic isation  effect of the  sorbed w ater on 

hydrophilic substance . The glass tran sition  of am orphous lactose w as estim ated  a s  a  

sudden  fall in the  reten tion  volume of decane due  to the  p lastic isation  effect of sorbed 

w ater. Using th is  technique it w as possible to estim ate  the  value of critical RH 

(%cRHg) required  to lower the  Tg of the  am orphous lactose to the  experim ental 

tem pera tu re . %cRHg values could also be estim ated  a s  a  function of tem pera tu re . 

The values of %cRHg estim ated  using  IGC techn ique m atched  w ith those predicted  

using  the  Gordon Taylor equation. IGC w as also dem onstra ted  to be usefu l in 

estim ation  of mobility onset in  am orphous lactose. The values of Tk estim ated  using  

different approaches m atched  closely w ith each  o ther for am orphous lactose (section 

6.5.1). IGC w as also useful in  studying the  phenom enon of collapse in am orphous 

lactose observed a s  a  sudden  fall in p ressu re  drop across the  colum n.

Using NIR (section 7.0) it w as possible to d istingu ish  betw een the  am orphous an d  the 

crystalline s ta te s  of indom etacin  and  nifedipine. The m ajor differences in  NIR spectra  

of the  am orphous and  crystalline s ta te s  were noted  in the  b an d  positions of the  

functionalities involved in the  hydrogen bonding e.g. C=0 for indom etacin  an d  C=0
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and  N-H for nifedipine. It w as also noted  th a t  the  aging in  am orphous indom etacin  

w as devoid of any m ajor changes in the  NIR spectra , w hereas for am orphous 

nifedipine aging w as accom panied w ith significant changes in  the  NIR spectra. The 

changes in the  NIR spectra  of am orphous nifedipine could be correlated  to the  process 

of crystallisation.

The various approaches described in th is  thesis  would help in  a  com prehensive 

charac te risa tion  of the  am orphous s ta te  u sing  the  controlled conditions of 

tem pera tu re  a s  well as  RH.



212

R eferences



213

Reference List

Ahlneck,C., Zografl,G., 1990. The m olecular b as is  of m oisture  effects on the  physical 

an d  chem ical stability of d rugs in the  solid sta te . In ternational Jo u rn a l of 

P harm aceu tics, 62, 87-95.

Ahm ed,H., B uckton,G ., Rawlins,D.A., 1996. The u se  of iso therm al m icrocalorim etry in 

the  study  of sm all degrees of am orphous con ten t of a  hydrophobic powder. 

In ternational Jo u rn a l of Pharm aceutics, 130, 195-201.

Albano, A. A, P huaprad it, W., Sandhu , H. K, an d  S hah , N. H. A m orphous form of cell 

cycle inh ib itor having improved solubility an d  bioavailability. 120460 [6492530 ]. 

2002. Ref Type: Patent.

A m idon,G.L., L ennernas,H ., Shah,V.P., C rison,J.R ., 1995. A theoretical basis  for a  

b iopharm aceu tic  d rug  classification: the  correlation of in vitro drug  p roduct 

d isso lu tion  an d  in vivo bioavailability. Pharm . Res., 12, 413-420.

A ndronis,V ., Yoshioka,M., Zografi,G., 1997. Effects of sorbed w ater on the 

crystallization of indom etacin  from the  am orphous sta te . J . Pharm . Sci., 86, 346-351.

Andronis,V ., Zografi,G., 1998. The m olecular mobility of supercooled am orphous 

indom etacin  a s  a  function of tem pera tu re  an d  relative hum idity. Pharm . Res., 15, 835- 

842.

Andronis,V ., Zografi,G., 1997. M olecular mobility of supercooled am orphous 

indom etacin , determ ined  by dynam ic m echanical analysis. Pharm . Res., 14, 410-414.

Angell,C.A., 1991. Relaxation in liquids, polym ers and  plastic  crysta ls — strong/frag ile  

p a tte rn s  an d  problem s. Jo u rn a l of N on-Crystalline Solids, 131-133, 13-31.

Angell,C.A., 1995. Form ation of g lasses from liquids an d  biopolym ers. Science, 267, 

1924-1935.



214

Angell,C.A., 1996. The glass transition , R ulesC urr. Opinion in Solid s ta te  and  M aterial 

Sci., 1, 578-585.

Angell,C.A., Ngai,K.L., M cKenna,G.B., M cM illan,?.F., M artin,S.W ., 2000. Relaxation in 

glass form ing liquids an d  am orphous solids. J . Appl. Phys., 88, 3113-3157.

Angell, C. A., Sare, J . M., and  Sare, E. J . G lass tran sitio n  tem pera tu res  for simple 

m olecular liquids an d  their b inary  solutions. 1978. Ref Type: Slide

A nw ar,J., Tarling,S.E., B arnes,? ., 1989. Polym orphism  of sulfathiazole. J . Pharm . Sci., 

78, 337-342.

Aso,Y., Yoshioka,S., Kojima,S., 2001. Explanation  of the  crystallization ra te  of 

am orphous nifedipine an d  phénobarb ita l from their m olecular m obility as  m easu red  

by (13)0 nuc lea r m agnetic resonance relaxation tim e an d  the  relaxation tim e obtained  

from the  heating  ra te  dependence of the  g lass tran sition  tem pera tu re . J . Pharm  Sci., 

90, 798-806.

Aso,Y., Yoshioka,S., Kojima,S., 2000. Relationship betw een the  crystallization ra te s  of 

am orphous nifedipine, phénobarb ita l, and  flopropione, and  the ir m olecular mobility as  

m easu red  by the ir en thalpy  relaxation an d  (1)H NMR relaxation tim es. J . Pharm . Sci., 

89, 408-416.

Aso,Y., Yoshioka,S., Kojima,S., 2004. M olecular m obility-based estim ation  of the  

crystallization ra tes  of am orphous nifedipine an d  phénobarb ita l in 

poly(vinylpyrrolidone) solid d ispersions. J . Pharm . Sci., 93, 384-391.

Bakri, A. an d  Lechuga-Ballesteros, D. A novel calorim etric approach  for the 

characterization  of am orphous m aterials: design application an d  a  case  study. 1999. 

Ref Type: Slide

Bohm er,R ., Ngai,K.L., Angell,C.A., Plazek,D .J., 1993. N onexponential relaxations in 

strong  an d  fragile g lass form ers. J . Chem. Phys., 55, 4201-4209.

Briggner, L-E., B uckton, G., Bystrom , K., an d  Darcy, P. The u se  of iso therm al 

m icrocalorim etry in the study  of changes in  crystallinity  induced  du ring  the 

processing of powders. Int. J .P harm . 105, 125-135. 1994.



215

Brodka-Pfeiffer,K., Langguth ,?., G rass,? ., H ausler,H ., 2003. Influence of m echanical 

activation on the physical stability of salbu tam ol su lphate . Eur. J . Pharm . B iopharm ., 

56, 393-400.

B runauer,S ., Deming,L.S., Deming,E.W ., Teller,E., 1940. On Theory of the  van der 

W aals adsorp tion  of gases. J . Am. Chem. Soc, 62, 1723-1732.

B runauer,S ., Em m ett,P .H ., Teller,E., 1938. A dsorption of G ases in  M ultim olecular 

Layers. J . Am. Chem. Soc., 60, 309-319.

B uckton, G., A m barkhane, A., and  Pincott, K., 2004. The u se  of inverse phase  gas 

chrom atography to study  the g lass tran sition  tem pera tu re  of a  pow der surface. 

Pharm .R es. 19, 1554-1557.

B uckton,G ., D arcy,?., 1995. The use  of gravim etric s tud ies to a sse ss  the  degree of 

crystallinity  of predom inantly  crystalline powders. In ternational Jo u rn a l of 

P harm aceu tics, 123, 265-271.

Buckton,G ., D arcy,?., 1999. A ssessm ent of d isorder in  crystalline pow ders—a  review of 

analytical techn iques an d  their application. Int. J . Pharm ., 179, 141-158.

B uckton,G ., Dove,J.W ., Davies,?., 1999. Iso therm al m icrocalorim etry an d  inverse 

phase  gas chrom atography to study  sm all changes in  powder surface properties. Int. 

J . Pharm , 193, 13-19.

B uckton, G., 2000. Iso therm al m icrocalorim etry w ater sorption experim ents;

calibration  issues. Therm ochim ica Acta, 347, 63-71.

B uckton,G ., Yonem ochi,E., H am m ond,J., Moffat,A., 1998. The u se  of n e a r  infra-red 

spectroscopy to detect changes in the  form of am orphous an d  ciysta lline  lactose. 

In ternational Jo u rn a l of P harm aceu tics, 168, 231-241.

Burger,A., Ram berger,R ., 1979. On the polym orphism  of pharm aceu tica ls  an d  o ther 

m olecular crystals. 1. Theory an d  therm odynam ic ru les. M ikrochim. Acta., 2, 259-271.

B urne tt,D .J ., Thielm ann,F ., B ooth ,J., 2004. D eterm ining the  critical relative hum idity  

for m oistu re-induced  phase  transitions. Int. J . Pharm ., 287, 123-133.



216

Byrn,S., Pfeiffer,R., Stowell,J., 1999. In troduction  to the  Solid sa te  chem istry  of Drugs. 

SSCI Inc., W est Laffayette, 1-40.

Caira,M .R., Robbertse,Y., B ergh ,J .J ., Song,M., De Villiers,M.M., 2003. S tru c tu ra l 

characterization , physicochem ical properties, an d  therm al stability  of th ree  crystal 

form s of nifedipine. J . Pharm . Sci., 92, 2519-2533.

Cam eron,A .E., Reyerson,L.H., 1935. S tudies on the  Sorption of the  H alogens by Silica 

Gel an d  Charcoal. J . Phys. Chem ., 39, 181-190.

Chang,L, Fujara,F ., Geil,B., Heuberger,G ., M angel,?., Sillescu,H ., 1994. T ranslational 

and  ro tational m olecular m otion in  supercooled liquids s tud ied  by NMR and  forced 

Rayleigh scattering . Jo u rn a l of N on-Crystalline Solids, 172-174, 248-255.

Chen,X., Morris,K.R., G riesser,U .J., B ym ,S.R ., StoweII,J.G., 2002. Reactivity 

differences of indom etacin  solid form s w ith am m onia gas. J . Am. Chem . Soc., 124, 

15012-15019.

C hidavaenzi,O .C., Buckton,G ., Koosha,F., Pathak,R ., 1997. The u se  of therm al 

techn iques to a sse ss  the  im pact of feed concen tra tion  on the  am orphous con ten t and  

polym orphic form s p resen t in spray  dried lactose. In ternational Jo u rn a l of 

P harm aceu tics, 159, 67-74.

Correia,N.T., R am os,J.J ., Descam ps,M ., Collins,G., 2001. M olecular mobility and  

fragility in indom etacin: a  therm ally  stim ula ted  depolarization c u rren t study. Pharm . 

Res., 18, 1767-1774.

Craig,D.Q., B arsnes,M ., Royall,P.G., Kett,V.L., 2000. An evaluation of the  u se  of 

m odulated  tem pera tu re  DSC as  a  m eans of a ssessing  the  relaxation behaviour of 

am orphous lactose. Pharm  Res., 17, 696-700.

Craig,D.Q., Kett,V.L., Andrews,C.S., Royall,P.G., 2002. Pharm aceu tical applications of 

m icro-therm al analysis. J . Pharm  Sci., 91, 1201-1213.

Craig,D.Q., Kett,V.L., M urphy,J.R ., Price,D.M., 2001. The m easu rem en t of sm all 

quan tities  of am orphous m ateria l—should  we be considering the  rigid am orphous 

fraction? Pharm . Res., 18, 1081-1082.



217

Craig,D.Q., Royall,P.G., 1998, The u se  of m odulated  tem pera tu re  DSC for the  study  of 

pharm aceu tica l system s: potential u se s  an d  lim itations. Pharm . Res., 15, 1152-1153.

Craig,D.Q., Royall,P.G., Kett,V.L., Hopton,M.L., 1999. The relevance of the  am orphous 

s ta te  to pharm aceu tica l dosage forms: glassy d rugs an d  freeze dried system s. Int. J . 

Pharm ., 179, 179-207.

Crisp, H. A. and  Clayton, J . C. A m orphous form of cefuroxim e ester. Glaxo Group 

Limited (London, GB2. 51869 3 [4 5 6 2 1 8 1 ]. 1985. Ref Type: P aten t

Crisp, H. A. an d  Clayton, J . C. Process for p reparing  cefuroxim e axetil. 

2 5 8 9 0 8 (5 0 1 3 8 3 3  ]. 1991. Ref Type: P aten t

Crowley,K.J., Zograii,G., 2002. Cryogenic grinding of indom etacin  polym orphs and  

solvates: a sse ssm en t of am orphous phase  form ation an d  am orphous p h ase  physical 

stability. J . Pharm . Sci., 91, 492-507.

D elarue,J., G iampaoli,P., 2000. S tudy of in teraction  phenom ena betw een arom a 

com pounds an d  carbohydrate  m atrixes by inverse gas chrom atography. J .  Agric. Food 

Chem ., 48, 2372-2375.

D ilw orth,S.E ., Buckton,G ., Gaisford,S., Ram os,R., 2004. A pproaches to determ ine the 

en thalpy  of crystallisation, and  am orphous conten t, of lactose from iso therm al 

calorim etric data . Int. J . Pharm ., 284, 83-94.

Ediger,M .D., Angell,C., Nagel,S.R., 1996. Supercooled liquids an d  glasses. J . Phys. 

Chem ., 100, 13200-13212.

Gordon,M ., Taylor,J.S ., 1952. Ideal co-polym ers and  the  second order tran s itio n s  of 

synthetic  rubbers. 1. Non-crystalline co-polym ers. J . Appl. Chem ., 2, 493-500.

G uinot,S ., Leveiller,F., 1999. The u se  of MTDSC to a sse ss  the  am orphous phase

con ten t of a  m icronized d rug  substance . Int. J . Pharm ., 192, 63-75.

Gupta,M .K., Vanwert,A., Bogner,R.H., 2003. Form ation of physically stable

am orphous d rugs by milling w ith Neusilin. J . Pharm . Sci., 92, 536-551.



218

Ham iehjT., Fadlallah,M .B., Schultz, J . ,  2002. New approach  to characterise  

physicochem ical properties of solid su b s tra te s  by inverse gas chrom atography a t 

infinite dilution. III. D eterm ination of the  acid-base properties of some solid su b s tra te s  

(polymers, oxides an d  carbon fibres): a  new model. J . Chrom atogr. A, 969, 37-47.

Ham ieh,T., Schu ltz ,J ., 2002. New approach  to charac te rise  physicochem ical properties 

of solid su b s tra te s  by inverse gas chrom atography a t infinite dilution. 11. S tudy of the 

tran sition  tem pera tu res  of poly(methyl m ethacrylate) a t  various tacticities and  of 

poly(methyl m ethacrylate) adsorbed  on a lum ina  an d  silica. J . Chrom atogr. A, 969, 27- 

36.

H ancock,B.C ., C hristensen,K ., Sham blin,S.L ., 1998a. E stim ating  the  critical 

m olecular mobility tem pera tu re  (T(K)) of am orphous pharm aceu tica ls . Pharm . Res., 

15, 1649-1651.

Hancock,B.C ., Dalton,C.R., 1999. The effect of tem pera tu re  on w ater vapor sorption by 

some am orphous pharm aceu tica l sugars. Pharm . Dev. Technol., 4, 125-131.

Hancock,B.C ., Dalton,C .R., Pikal,M .J., Sham blin,S .L ., 1998b. A pragm atic te s t of a  

sim ple calorim etric m ethod for determ ining the fragility of some am orphous 

pharm aceu tica l m aterials. Pharm . Res., 15, 762-767.

Hancock,B.C ., Parks,M ., 2000. W hat is the  tru e  solubility advantage for am orphous 

pharm aceu tica ls?  Pharm . Res., 17, 397-404.

Hancock,B.C ., Sham blin,S.L ., Zografi,G., 1995. M olecular mobility of am orphous 

pharm aceu tica l solids below their g lass tran sition  tem pera tu res. Pharm . Res., 12, 

799-806.

Hancock,B.C ., Zografi,G., 1993. The u se  of solution theories for predicting w ater vapor 

absorp tion  by am orphous pharm aceu tica l solids: a  te s t of the  Floiy-Huggins and  

V rentas m odels. Pharm . Res., 10, 1262-1267.

Hancock,B.C ., Zografi,G., 1994. The rela tionsh ip  betw een the  glass tran sition  

tem pera tu re  and  the  w ater con ten t of am orphous pharm aceu tica l solids. Pharm . Res., 

11, 471-477.



219

H ancock,B.C., Zografî,G., 1997. C haracteristics an d  significance of the  am orphous 

sta te  in pharm aceu tica l system s. J . Pharm . Sci., 86, 1-12.

Her,L.M., Nail,S.L,, 1994. M easurem ent of g lass tran sitio n  tem p era tu res  of freeze

concen tra ted  so lu tes by differential scann ing  calorim etry. Pharm . Res., 11, 54-59.

Hogan,S.E ., Buckton,G ., 2000. The quantification  of sm all degrees of d isorder in 

lactose using  solution calorim etry. Int. J . Pharm ., 207, 57-64.

Hogan,S.E ., Buckton,G ., 2001. The application of n ear infrared spectroscopy and  

dynam ic vapor sorption to quantify low am orphous con ten ts  of crystalline lactose. 

Pharm . Res., 18, 112-116.

Hollenbeck,R.G ., Peck,G.E., Kildsig,D.O., 1978. Application of im m ersional calorim etry 

to investigation of solid-liquid in teractions: m icrocrystalline cellulose-w ater system . J . 

Pharm . Sci., 67, 1599-1606.

lm aizum i,H ., Nam bu,N., Nagai,T., 1980. Stability and  several physical p roperties of 

am orphous an d  crystalline form of indom etacin. Chem. Pharm . Bull. (Tokyo), 28, 

2565-2569.

Kaneniwa,N., O tsuka,M ., Hayashi,T ., 1985. Physicochem ical characteriza tion  of 

indom etacin  polym orphs and  the transfo rm ation  kinetics in ethanol. Chem  Pharm  

Bull (Tokyo)., 33, 3447-3455.

Karim ian, K., M otamedi, M., and  Zinghini, S. M ethods for the  m an u fac tu re  of 

am orphous cefuroxim e axetil. 9 0 0 6 6 9 (5 8 4 7 1 1 8  ]. 1998. Ref Type: P aten t

Keymolen,B., Ford,J.L ., Powell,M.W., Rajabi-Siahboom i,A .R., 2003. Investigation of 

the  polym orphic transfo rm ations from glassy nifedipine. Therm ochim ica Acta, 397, 

103-117.

Kontny,M .J., Mulski,C.A., 1989. G elatin capsule  b rittleness a s  a  function of relative 

hum idity  a t  room  tem peratu re . In ternational J o u rn a l  of Pharm aceu tics, 54, 79-85.

Kuroda,K., Nakagaki,M ., 1963. [Studies on the  hygroscopicity of w ater-soluble, 

crystalline drugs. II.]. Jp n . J . Pharm acol., 83, 250-256.



220

Lane,R.A., B uck ton ,G., 2000. The novel com bination of dynam ic vapour sorption 

gravim etric analysis and  n ear infra-red spectroscopy a s  a  hyphenated  technique. Int. 

J . Pharm ., 207, 49-56.

Lechuga-Ballesteros,D ., Bakri,A., Miller,D.P., 2003. M icrocalorim etric m easu rem en t of 

the  in te rac tions betw een w ater vapor and  am orphous pharm aceu tica l solids. Pharm  

Res., 20, 308-318.

Lesikar,A.V., 1975. On the  g lass tran sition  in organic halide-alcohol m ixtures. J . 

Chem. Phys, 63, 2297-2302.

Li,Y., H an ,J ., Zhang,G.G ., G ran t,D .J., S u iyanarayanan ,R ., 2000. In situ  dehydration  

of carbam azepine dihydrate: a  novel techn ique to prepare  am orphous anhydrous 

carbam azepine. Pharm . Dev. Technol., 5, 257-266.

Lindenberg,M ., Kopp,S., D ressm an ,J.B ., 2004. C lassification of orally adm inistered  

d rugs on the  World H ealth  Organization Model list of E ssen tia l M edicines according to 

the  b iopharm aceu tics classification system . Eur. J . Pharm . B iopharm ., 58, 265-278.

Lindsey,C.P., Patterson,G .D ., 1980. Detailed com parison of the  W illiam s-W atts and  

Cole-D avid son functions. J . Chem. Phys., 73, 3348-3357.

L iu,J., Rigsbee,D.R., Stotz,C ., Pikal,M .J., 2002. D ynam ics of pharm aceu tica l 

am orphous solids: the  study  of en thalpy  relaxation by iso therm al m icrocalorim etry. J . 

Pharm . Sci., 91, 1853-1862.

Lu,Q., Zografi,G., 1997. Properties of citric acid a t  the  g lass transition . J . Pharm . Sci., 

86, 1374-1378.

M artin,A., 1993b. Solubility an d  d istribu tion  phenom ena. In: Mundorff,G. (Ed.), Lea 

an d  Febiger, PA, 212-250.

M artin,A., 1993a. S ta tes of m atter. In: M undorff,G. (Ed.), Lea an d  Febiger, PA, 22-52.

M atsum oto,T., Zografi,G., 1999. Physical p roperties of solid m olecular d ispersions of 

indom etacin  w ith poly(vinylpyrrolidone) an d  poly(vinylpyrrolidone-co-vinyl-acetate) in 

relation to indom etacin  crystallization. Pharm . Res., 16, 1722-1728.



221

Merzlyakov,M., Schick,C., 2001. S tep response  analysis in  DSC — a  fast way to 

generate h ea t capacity  spectra. Therm ochim ica Acta, 380, 5-12.

M iyazaki,S., Hori,R., Arita,T ., 1975. [Physico-chem ical property  an d  gastro in testinal 

abso rp tion  of som e solid p h ases  to tetracycline (au thor's  transi)]. Y akugaku Zasshi, 

95, 629-633.

M oynihan,C.T., Easteal,A .J., W ilder,J., T ucker,J ., 1974. D épendance of glass

transition  tem pera tu re  on heating  an d  cooling rate , J . Phys. Chem ., 78, 2673-2677.

M ullins,J.D ., M acek,T.J., 1960. Some pharm aceu tica l p roperties of novobiocin. J . Am. 

Pharm . Assoc. Am. Pharm . Assoc., 49, 245-248.

Newell,H.E., Buckton,G ., Butler,D.A., Thielm ann,F ., W ilIiams,D.R., 2001b. The use  of 

inverse phase  gas chrom atography to study  the change of surface energy of 

am orphous lactose as  a  function of relative hum idity  an d  the p rocesses of collapse 

an d  crystallisation. Int. J . Pharm ., 217, 45-56.

Newell,H.E., Buckton,G ., Butler,D.A., T hielm ann,F ., W illiams,D.R., 2001a. The use  of 

inverse ph ase  gas chrom atography to m easu re  the  surface energy of crystalline, 

am orphous, an d  recently milled lactose. Pharm . Res., 18, 662-666.

Nyqvist,H., 1983. S a tu ra ted  sa lt so lu tions for m ain ta in ing  specified relative 

hum idities. Int. J . Pharm . Tech. & Prod. Mfr., 4, 47-48.

O ksanen,C .A ., Zografi,G., 1990. The rela tionsh ip  betw een the  g lass tran sition  

tem pera tu re  an d  w ater vapor absorp tion  by poly(vinylpyrrolidone). Pharm . Res., 7, 

654-657.

Oksanen,C .A ., Zografi,G., 1993. M olecular mobility in  m ixtures of absorbed  w ater and  

solid poly (vinylpyrrolidone). Pharm . Res., 10, 791-799.

O urdani,S ., Am rani,F., 2002. S tudy of the  m iscibility of poly(styrene-co-4-vinylbenzoic 

acid) w ith poly(ethyl m ethacrylate) or w ith poly[ethyl m ethacrylate-co-(2-N ,N - 

dim ethylam inoethyl) m ethaciylate] by inverse gas chrom atography. J . Chrom atogr. A, 

969, 287-299.



222

Pikal,M .J., Lukes,A.L., L ang,J.E ., 1977. Therm al decom position of am orphous beta- 

lac tam  an tibacteria ls. J , Pharm . Sci., 66, 1312-1316.

Pikal,M .J., Lukes,A.L., Lang,J.E ., Gaines,K ., 1978. Q uantitative crystallinity 

de term inations for be ta-lac tam  antib iotics by solution calorim etry: correla tions w ith 

stability. J . Pharm . Sci., 67, 767-773.

Plam beck, J . A. The Em pirical G as Laws: Vapor Pressure. PSIgate (Physical Sciences 

Inform ation Gateway) . 1996. Ref Type: Electronic C itation

P lan in sek ,0 ., Buckton,G ., 2003. Inverse gas chrom atography : considerations abou t 

appropria te  u se  for am orphous and  crystalline powders. J . Pharm . Sci., 92, 1286- 

1294.

R am os,J.J ., Taveira-M arques,R ., Diogo,H.P., 2004. E stim ation  of the  fragility index of 

indom etacin  by DSC using  the  heating  and  cooling ra te  dependency of the  glass 

transition . J . Pharm . Sci., 93, 1503-1507.

R oberts, R. J . A m orphous com pound. 8 9 1 1 9 0 [6 6 2 7 7 6 0  ]. 2003. Ref Type: P aten t

Royall,P.G., Craig,D.Q., Doherty,C ., 1999. C haracterisation  of m oisture  u p tak e  effects 

on the  g lass tran sitiona l behaviour of an  am orphous drug  u sing  m odulated  

tem pera tu re  DSC. Int. J . Pharm ., 192, 39-46.

Rustichelli,C ., G am berini,G ., Ferioli,V., G am berini,M.C., Ficarra,R ., Tom m asini,S ., 

2000. Solid-state study  of polym orphic drugs: carbam azepine. J . Pharm . Biomed. 

A nal., 23, 41-54.

Saleki-G erhardt,A ., Ahlneck,C., Zografi,G., 1994. A ssessm ent of d isorder in  crystalline 

solids. In te rnationa l Jo u rn a l of P harm aceutics, 101, 237-247.

Sam ra,R .M ., B uckton,G ., 2004. The crystallisation  of a  m odel hydrophobic drug  

(terfenadine) following exposure to hum idity  and  organic vapours. Int. J . Pharm ., 284, 

53-60.



223

S a u n d e rs ,M., Podluii,K., Shergill,S., B uck ton ,G., Royall,P., 2004. The poten tial of high 

speed DSC (hyper-DSC) for the  detection an d  quantification  of sm all am o u n ts  of 

am orphous con ten t in  predom inantly  crystalline sam ples. Int. J . Pharm ., 274, 35-40.

Sham blin,S .L ., Hancock,B.C., Dupuis,Y., Pikal,M .J., 2000. In terp re ta tion  of relaxation 

tim e c o n stan ts  for am orphous pharm aceu tica l system s. J .  Pharm . Sci., 89, 417-427.

Sham blin,S .L ., Tang,X., Chang,L., Hancock,B.C., Pikal,M .J., 1999. C haracterization  of 

the  Time Scales of M olecular Motion in Pharm aceutically  Im portan t G lasses. Jo u rn a l 

of Physical C hem istry B, 103, 4113-4121.

Sichina, W. J . E nhanced  characterization  of the  G lass tran sitio n  event using  StepScan 

DSC. T hrerm al Analysis: technical note Prelim inary Version. 2000. PerkinElm er U ser 

Notes.

Siniti,M ., C arre ,J ., B astide,J .P ., Letoffe,J.M., Claudy,P., 1993a. The therm al behaviour 

of hexitols : Part 2. Polym orphism  of dulcitol. Therm ochim ica Acta, 224, 105-110.

Siniti,M ., C arre ,J., Letoffe,J.M,, B astide,J.P ., Claudy,P., 1993b. The therm al behaviour 

of hexitols : Part 1. Vitrification an d  crystallization of iditol, m annito l, sorbitol and  

dulcitol. Therm ochim ica Acta, 224, 97-104.

Siniti,M ., Ja b ra n e ,S ., Letoffe,J.M., 1999. S tudy of the  respective b inary  phase  

d iagram s of sorbitol w ith m annitol, m altitol and  w ater. Therm ochim ica Acta, 325, 171- 

180.

Som ani, J . K., Sethi, S., and  Tyagi, O. D. Process for the  p repara tion  of cefuroxim e 

axetil in  the  am orphous form. R anbaxy L aboratories Limited (New Delhi, IN. 

098513(6060599]. 2000. 17-6-1998. RefT^pe: P aten t

Steckel,H ., Rasenack,N ., Villax,P., Muller,B.W., 2003. In vitro characteriza tion  of je t- 

milled a n d  in-situ-m icronized fluticasone-17-propionate. Int. J . Pharm ., 258, 65-75.

Surana,R ., Pyne,A., S u ryanarayanan ,R ., 2004b. Effect of p repara tion  m ethod on 

physical p roperties of am orphous trehalose. Pharm . Res., 21, 1167-1176.



224

Surana,R ., Pyne,A., S u iyanarayanan ,R ., 2004a. Effect of aging on the physical 

p roperties of am orphous trehalose. Pharm . Res., 21, 867-874.

Surana,R ., Randall,L., Pyne,A., Vemuri,N.M ., S u iyanarayanan ,R ., 2003. 

D eterm ination of g lass tran sition  tem pera tu re  an d  in  situ  study  of the  plasticizing 

effect of w ater by inverse gas chrom atography. Pharm . Res., 20, 1647-1654.

Tang,X.C., Pikal,M .J., Taylor,L.S., 2002. A spectroscopic investigation of hydrogen 

bond p a tte rn s  in crystalline and  am orphous p h ases  in  dihydropyridine calcium  

channel blockers. Pharm . Res., 19, 477-483.

Taylor,L.S., Zografi,G., 1998a. The quantita tive  analysis of ciystallin ity  using  FT- 

R am an spectroscopy. Pharm . Res., 15, 755-761.

Taylor,L.S., ZograJi,G., 1998b. Sugar-polym er hydrogen bond in terac tions in 

lyophilized am orphous m ixtures. J . Pharm . Sci., 87, 1615-1621.

te Booy,M.P., de Ruiter,R.A., de Meere,A.L., 1992. E valuation of the  physical stability 

of freeze-dried sucrose-con tain ing  form ulations by differential scann ing  calorim etry. 

Pharm . Res., 9, 109-114.

Therm om etric AB, Sweden. In struction  M anual LKB 2277 Therm al Activity Monitor. 

1985.

Therm om etric AB, Sweden. How to perform  a  G as Perfusion experim ent; Experim ental 

a n d  Technical Note EN 012. 2000a.

Therm om etric AB, Sweden. Use of the  RH Perfusion System  a t elevated tem peratu res; 

Experim ental an d  Technical Note EN 013a. 2000b.

Tong,P., Zografi,G., 1999. Solid-state charac te ris tics  of am orphous sodium  

indom etacin  relative to its  free acid. Pharm . Res., 16, 1186-1192.

Tong,P., Zografi,G., 2001. A study  of am orphous m olecular d ispersions of indom etacin  

an d  its  sodium  salt. J . Pharm . Sci., 90, 1991-2004.



225

V enkatesh,G .M ., B arnett,M .E ., O w usu-Fordjour,C ., Galop,M., 2001. D etection of low 

levels of the  am orphous phase  in crystalline pharm aceu tica l m ateria ls by therm ally 

stim u la ted  c u rre n t spectrom etry. Pharm . Res., 18, 98-103.

V ippagunta,S .R ., B rittain,H .G ., G ran t,D .J., 2001. C rystalline solids. Adv. D rug Deliv. 

Rev., 48, 3-26.

W atanabe,T ., O hno,l., W akiyama,N., Kusai,A., Senna,M ., 2002. Stabilization of 

am orphous indom etacin  by co-grinding in  a  te rna ry  m ixture. Int. J . Pharm ., 241, 103- 

1 1 1 .

W illiams,G., W atts,D ., 1970. N on-sym m etrical dielectric relaxation behaviour arising 

from a  sim ple em pirical decay function. T rans. Faraday. Soc., 66, 80-85.

W illiams,R.O., B row n,J., L iu,J., 1999. Influence of m icronization m ethod on the 

perform ance of a  su spension  triam cinolone acetonide p ressurized  m etered-dose 

inhale r form ulation. Pharm . Dev. Technol., 4, 167-179.

Yoshioka,M ., Hancock,B.C ., Zografi,G., 1994. Crystallization of indom etacin  from the 

am orphous s ta te  below an d  above its  glass transition  tem pera tu re . J . Pharm . Sci., 83, 

1700-1705.

Yoshioka,M ., H ancock,B.C ., Zografi,G., 1995. Inhibition of indom etacin  crystallization 

in poly(vinylpyrrolidone) coprecipitates. J . Pharm . Sci., 84, 983-986.

Yu,L., 2001. A m orphous pharm aceu tica l solids: p reparation , characterization  and  

stabilization. Adv. D rug Deliv. Rev., 48, 27-42.

Yu,L., Reutzel-Edens,S.M ., Mitchell,C.A., 2000. Crystallization an d  Polym orphism  of 

Conform ationally Flexible Molecules: Problem s, P a tte rns, an d  Strategies. Org. Proc. 

Res. an d  Dev., 4, 396-402.

Z hang ,J., Zografi,G., 2000. The rela tionship  betw een "BET" and  "free volume"-derived 

pa ram ete rs  for w ater vapor absorp tion  into am orphous solids. J . Pharm . Sci., 89, 

1063-1072.



226

Zografî,G., Kontny,M., 1986. The In terac tions of W ater w ith Cellulose- an d  S tarch- 

Derived P harm aceu tical Excipients. Pharm . Res., 3, 187-194.


