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Summary

This thesis  has focused on the study o f  pharm aceu tica l  cocrystals. The investigations 

have addressed  the solubility, dissolution  and s tability  o f  cocrystals  as well as the 

eva lua tion  o f  se lec ted  p roduction  techniques, in o rd e r  to contribute  to an overall 

unders tand ing  o f  these  solid state forms.

Extensive eva luation o f  know n cocrystals  such as the benzam ideid ibenzy l su lfoxide  

cocrystal and three su lfad im id ine :arom atic  carboxylic  ac id  (benzoic acid, salicylic acid, 

4 -am inosa licy lic  acid) cocrysta ls  as well as new ly  syn thes ised  cocrystals  are p resented  

in this work. N icotin ic  acid and pyraz ine-2 -carboxy lic  acid have been in troduced  as 

potential new  cocrystal formers with su lfadim idine . Several techniques such  as X -ray  

d iffraction , therm al analyses, infra-red spec troscopy , nuclear m agnetic  resonance  

spec troscopy, scann ing  electron m icroscopy , ene rgy -d ispers ive  X -ray  analysis , high 

perfo rm ance  liquid ch rom atog raphy , dynam ic  vap o u r sorption analysis  and  appropria te  

statistical tests have been used for ana lysing  the properties  o f  cocrystal studied  and 

in terpreting  the results.

The aqueous  solubility  and stability behav iou r  as well as d issolution  from pow der 

com pac ts  by the intrinsic d isso lu tion  m ethod  have  been ex am in ed  for the 

benzam ide id ibenzy l  su lfox ide  cocryslal and four su lfad im id ine .a rom alie  carboxylic  

acid cocrystals .

T he valid ity  o f  recen tly  introduced m odels  to describe  and  predict cocrystal so lubility  

and s tab il ity  has been dem onstra ted . For the first t im e a model to predict the pH - 

dependen t  so lubility  and  stability  o f  a cocrystal co m p o sed  o f  tw o  am photer ic  

c o m p o n en ts  has been presented . By m eans  o f  the four d iffe ren t su lfad im id ine  cocrystals  

it w as show n  that the cocrystal so lubility  is com plex  to control, in particu lar  w hen  pH 

in tluences  p lay  a role. No correlation  be tw een  cocrystal solubility, co fo rm er  so lubility  

and cocrystal lattice ene rg ies  could  be established. G enera lly ,  the s tudy elucida ted  that 

the so lubility  advan tage  ach ived  by m eans o f  the cocrysta l has a negative  im pact on its 

stability, assoc ia ted  w ith  precipita tion  o f  the less soluble co m p o n en t  (drug). 

A dditionally , i f  the cocrystal reveals a large co fo rm er  to d rug  solubility  difference, in 

the o rd e r  o f  >  75 (in te rm s o f  m olar solubilities), no  ad van tage  in the d isso lu tion  rate is 

observed . In the case  o f  s table cocrystals, it w as found that the d issolution rate is 

im proved  when the cocrystal so lubili ty  is im proved  and  w hen the c o f o n n e r  to drug 

so lubility  ratio  is small. H ow ever, a m ajo r  issue is that m ost pharm aceutica l cocrystals  

with high solubility  are unstab le  in water. It rem ains  to be clarified w hat im pact this



instability  has on the d isso lu tion  rate. It is assum ed  that the co fo rm er  to drug  solubility  

ratio plays a role.

The form ation o f  su lfad im id ine ;a rom atic  carboxylic  acid cocrysta ls  has been 

investigated  using techn iques  such as m illing  and spray drying. M oreover,  sp ray  drying 

has been co m p ared  to co m m o n  crysta llisation techn iques such as l iquid-assisted  

m illing, so lvent evapora tion  and  coo ling  crystallisation. It w as found, and  presented 

here for the first t im e , that the su lfad im id ine :4 -am inosa l icy l ic  acid l ; l  form 1 cocrystai 

can be generated  by  a so lid -based  techn ique  using l iqu id-assisted  milling. T w o  new  

cocrystals  w ere  d iscovered : ( I )  A p o lym orph ic  form (form  II) o f  the su lfad im id ine :4 - 

am inosalicy lic  acid 1:1 cocrystal, it w as observed  that the crystal s tructure  o f  form II is 

unusually  com plex ,  w ith  s tructure e lucida tion  results ind icating  that tw o  po lym orphs  

are in tergrow n in one  crystal structure , the exact nature o f  w hich  still rem ains  to be 

clarified. (2) I 'h e  su lfad im id ine ;n ico tin ic  acid  1:1 cocrystal.

Spray drying w as found to be a successfu l a l ternative  in the form ation o f  cocrystals  

com pared  to o ther co m m o n  crysta llisa tion  m ethods  such as l iqu id-assis ted  milling, 

so lvent evapora tion  and coo ling  crysta llisation . H ow ever, it has been observed  that 

during processing  a m ass  loss o f  one  o f  the starting  co m p o n en ts  can occur  and 

consequen tly  affect the purity , a ttr ibu tab le  to the p resence o f  unreacted  crysta lline or 

am o rp h o u s  co m p o n en t  (s).

T he genera ted  su lfad im id ine ;a rom atic  ca rboxy lic  acid cocrysta ls  w ere  a lso  investigated  

for s tability  w hen  exposed  to d ifferent hum id it ie s  from 0 -9 0 %  RH at 25 °C (by  dynam ic  

vapour sorption). It w as show n that all cocrystals  investigated in the curren t w ork  are 

physically  stable and  are c lassified  as non-h y g ro sco p ic  or s ligh tly  hygroscop ic .

Thus cocrystals  can p rov ide  an opportun ity  for b iopharm aceu tica l  p roperty  ad jus tm en t 

o f  the API in tandem  w ith  go o d  physica lly  stability  in the solid  state.
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Origin and S cop e

In recent years, cocrystai formation as a crystal engineering approach has gained an 

increased interest in the field o f  pharmaceutical sciences, as it has been shown to offer a 

tool for tailoring drug physicochemical properties with the potential for improving 

physical stability and biopharmaceutical parameters, in particular for active 

pharmaceutical ingredients (APIs) with non-ionisable properties and poor aqueous 

solubility. As the cocrystal approach presents a relatively new class o f  pharmaceutical 

materials, a fundamental understanding o f  cocrystal characteristics is required in order 

to ensure maximum benefit arises from them in drug development.

Studies on cocrystals cover various topics such as developing methods to efficiently 

synthesise and isolate them for the purpose o f  crystal structure determination, screening 

o f  suitable cocrystal formers for a specific API, investigation and characterisation o f  the 

properties in the solid state and in solution as well as polymorphism in cocrystals. 

Initially, most studies have been focused on the formation, screening and structure 

determination o f  cocrystals, as for example in the work o f  Caira (1992) and Caira et al., 

(1995) who demonstrated, i n  some o f  the early studies on cocrystals, the generation o f  

sulfonamide.-aromatic carboxylic acid cocrystals, and Eccles et al. (2010), who more 

recently reported on the formation o f  sulfoxide cocrystals, such as the 

benzamide.dibenzyl sulfoxide l; i  cocrystal. Hov\ever, relatively few studies are found 

in the literature which address biopharmaceutical aspects o f  cocrystals, such as 

dissolution characteristics (Childs et al., 2004; Jung et al., 2010; Lee et al., 2011; 

Rahman et al., 2012). Rodriguez-Hornedo and co-workers have developed theoretical 

models in order to predict solubility and solution stability o f  cocrystals (Nehm et al., 

2006; Good and Rodn'guez-Hornedo, 2009; Reddy et al., 2009; Good and Rodriguez- 

Hom edo, 2010). Due to the limited numbers o f  cocrystals on which these models are 

based, more studies using different types o f  pharmaceutical cocrystals are required in 

order to draw accurate conclusions.

In the production o f  cocrystals, solution-based methods, especially solvent evaporation 

and slurry conversion (Caira, 1992; Zhang et al., 2007; Shattock et al., 2008) are 

com m only used. Likewise, solid-based approaches such as dry and liquid-assisted 

grinding are popular, as they have shown to be viable, providing a faster processing 

method than common solution-based techniques and have also been found to be useful 

in screening for polymorphic cocrystal forms (Etter et al., 1993; Caira et al., 1995; 

Kuroda et a!., 2002; Trask et al., 2004; Friscic et al., 2006; Braga et al., 2006; 

Chadwick et al., 2007). As a novel approach in the formation o f  cocrystals, spray drying
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has been p roposed  by  A lhaiaw eh  and V elaga (2010). T hese  researchers  have d iscussed  

the fact that  sp ray  d ry ing  p rov ides  a suitable  sca le -up  techn ique  for the generation  o f  

cocrysta ls ,  bu t that further investigations are necessary.

T he overall  scope o f  this thesis  was to obtain further fundam ental unders tand ing  o f  

cocrysta ls  in term s o f  solubility , d isso lu tion  and stability  behaviour ,  form ation and 

co n seq u en tly  identification, in o rder  to eva lua te  their pharm aceu tica l  use.

T hese  interests w ere  addressed  by focusing on the fo llow ing specific objectives;

(1) Investigations o f  the solubili ty  and  d issolution  behav iou r  o f  the benzam ide:d ibenzy l 

su lfox ide  1:1 cocrystal.

(2) Investigations o f  the solubility  and disso lu tion  o f  d iffe ren t su lfad im id ine :arom atic  

carboxy lic  ac id  cocrysta ls  and the im pact o f  the acid co fo rm er  on their so lubility  and 

d isso lu tion  behaviour .

(3) E xam ination  o f  co-g rind ing  and co-spray  dry ing  as alternative  techn iques  to solvent 

evapora tion  in the form ation o f  the su lfad im id ine :4 -am inosa l icy l ic  acid cocrystal.

(4) Investigations o f  the potential o f  sp ray  dry ing  as a cocrystal form ation techn ique  

co m p ared  to o ther co m m o n  crysta llisation  m ethods using su lfad im id ine  and  different 

a rom atic  carboxy lic  acids as coform ers .
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Chapter I: Introduction

1.1 P harm aceutica l so lids

1.1.1 Im p ortan ce  and d eve lop m en t

Most active pharm aceutica l  ingredients  (A P Is)  are  ava ilab le  as solid oral dosage  forms 

such as tablets, capsules  or pow ders  as they  p rov ide  a n u m b er  o f  conven ien t properties. 

They  are  s im ple  and  econom ical to m anufacture ,  s tab le  (as dry m aterials) , facilitate 

accurate dosing, they  are easy  to adm in is te r  and are  patient-friendly .

H ow ever, the drug  deve lopm en t o f  solid forms p rov ide  a n u m b er  o f  cha llenges to 

address such as both b iopharm aceu tical  and m an u fac tu r in g  param eters ,  w hich  are 

largely dependen t on the physicochem ica l p roperties o f  the API in its solid  state. T hese  

properties s ignificantly  influence the p erfo rm ance  o f  the final product.

As part o f  the early  d ev e lo p m en t o f  a po ten tia lly  new drug  form, it is therefore  essential 

to characterise  and eva lua te  the solid state properties  and to genera te  a thorough 

understanding  o f  the ina ter ia l’s s tability  under various conditions  (N iazi, 2006). I he 

inform ation obta ined  through these studies prov ides  the basis for def in ing  and  selec ting  

the optimal form o f  the API for inclusion in m arke ted  dosage  forms.

An overv iew  o f  re levant param eters  that are addressed  in the early  stage o f  drug  

deve lopm ent is illustrated in F igure 1.1. As these  param eters  im pact on each other, the 

m ajor cha llenge is to tlnd a co m p ro m ise  for se lection o f  the best API solid state form.

Figure 1.1: Important parameters which need to be investigated in formulation studies.

Optimal 
drug form

processing  g  
[/Formation jj
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1 .1.2 Form s, properties  and form u lat ion  strategies

Solid  d rug  form s are  classified  into  tw o m ajor g roups  (Figure 1.2). T hey  can e ither be 

crysta lline  or am o rp h o u s ,  based  on the order o f  m o lecu lar  packing. In contrast to 

am o rp h o u s  m ateria ls ,  w hich  exh ib it  a d iso rdered  state (F igure  1.3), in crysta lline 

m ateria ls  the atom s, ions o r  m o lecu les  are a rranged  in an o rder  m an n er  and in periodic  

units. Their  un ique a r rangem en t can be described  by a th ree  d im ensional ne tw ork ,  the 

crystal lattice. T he  sm alles t  c o m p o n en t  (unit) that  is repeated  in the crystal lattice to 

form the w ho le  ne tw ork  is called  the unit cell. T hese  charac teris t ics  a llow  the m olecu lar  

s tructure o f  a crystal to be  de term ined . C rys ta ll ine  m ateria ls  can be po lym orph ic ,  which 

m eans that solids con ta in ing  A P Is  o f  the sam e chem ical s tructure can ex is t in tw o  or 

m ore  crystal forms that have d ifferent a r rangem en ts  and /o r  con fo rm ations  o f  the 

m olecules.

Crystalline y r
single

component j /
Solvates/
Hydrates

J

Solid forms
(polymorph) x .

multi- y
of APIs component ^ Salts

Amorphous

Cocrystals

Figure 1.2: Classification o f  solid tbnns o f  APIs based on structure and composition (Sekhon, 

2009).
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Figure 1.3: The structural difference between the crystalline and the amorphous state. 

Left: crystalline (with illustration o f  crystal lattice and unit cell), right; amorphous 

(Ashkenazi and Eliaz, 2008).

The type o f  molecular arrangement within the solid has a fundamental impact on the 

physiochemical behaviour o f  the particular API. For example, crystalline drug forms 

may reveal good physical stability but limited aqueous solubility which may be altered 

in the case o f  polymorphic forms. Am orphous forms are highly energetic forms which 

show benefits relative to their crystalline counterparts in terms o f  solubility and 

dissolution, but are thermodynamically unstable.

(ienerally, a particular solid form can be transferred into another, for example as a 

result o f  a certain chemical reaction, processing method or due to a solution-mediated 

process, consequently leading to changes o f  the solid state properties. This may be 

favoured or not in terms o f  improvement to the physicochemical or biopharmaceutical 

properties o f  the API and a careful investigation (characterisation) is required to have 

control and understanding o f  these matters.

Poor aqueous solubility o f  drugs is a general concern in pharmaceutical drug 

formulation o f  solid dosage forms as this has an influence on the absorption and thus on 

bioavailability. Most poorly water soluble drugs have weakly acidic or w'eakly basic 

properties and usually require high doses in order to reach therapeutic concentrations 

after oral administration. It is estimated that more than 40%  o f  the newly discovered 

drugs have poor aqueous solubility or are practically insoluble (defined according to 

International Pharmacopoeias) (Sharma et al., 2009).

5



Chapter 1: Introduction

A gu id an ce  to im prove  the e ff ic iency  o f  d rug  dev e lo p m en t with respect to the 

predic tion o f  b ioavailab il i ty  has  been in troduced  by the B iopharm aceu tics  

C lassification  System  (B C S ) (A m id o n  et al., 1995). It is a fram ew ork , w h ich  classifies 

drug  substances  based  on their  aqueous  solubili ty  and intestinal perm eab ility  (T able  

1.1). T he sys tem  also  takes  into accoun t d isso lu tion  properties  or d issolution  rate, a 

further m ajo r  factor that con tro ls  the absorp tion  o f  an ora lly  adm in is te red  drug  and 

hence its b ioavailability .

D issolution w as first desc r ibed  by N o y es  and  W hitney  (1897) and  w as later ex tended  

by  N e m s t  and B ru n n er  (N ernst,  1904; B runner,  1904) w h o  have dem onstra ted  that the 

d isso lu tion  rate is affec ted  by  three m ain  factors, the solubility , the d iffusion coefTicient 

and the surface  area  o f  the d isso lv ing  body, based on the fo llow ing  equation:

d m  _  DA (Cs - C)  ( I I )
dt  ~  h ^

w here  dm /d t is the d isso lu tion  rate (referring  to a m ass change  per unit t ime), D and  A 

are the d iffusion  coeff ic ien t  and the su rface  area o f  the dissolv ing solid, respectively , C’s 

is the equ ilib r ium  so lubili ty  o f  the solid in the d isso lu tion  m ed ium , C is the 

concentra tion  o f  the solid  at tim e t in the bulk m edium  and h is the th ickness  o f  the 

d iffusion bou n d ary  th rough  w h ich  the d isso lved  solid  diffuses.

Table 1.1: Biophannaceutics classification system.

B C S C lass Solubility Perm eability

1 High High

2 Low High

3 High Low

4 Low Low

In particular, for poorly  w a te r  so luble  d rugs  such as B CS C lass  2 and  C lass  4 , oral 

absorp tion  and  thus b ioavailab il i ty  can be  l im ited  by the d issolution rate.

A ccord ing  to S k inne r  and  K anfer (1 9 9 2 ) the m ain  physicochem ica l aspects  re levan t to 

drug  absorp tion  are the intrinsic d isso lu tion  rate (ID R ) and the solubility. D issolution
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rate determination, based on the intrinsic dissolution method, is a common and 

standardised practice that is used for characterisation o f  solid drugs in formulation 

studies (BP Appendix XII B (5), 2009; Ph. Eur. Method 2.9.29, 2009; USP 32-NF 27, 

2009). A detailed description o f  the method is presented in Chapter 2. In later studies it 

has been demonstrated that the IDR is useful for determining the solubility BCS class o f  

drugs and thus to predict the bioavailability o f  solid drugs (Yu et al., 2004). The authors 

suggest, as the IDR measurement refers to a rate and not to equilibrium, there is a better 

correlation to predict the oral absorption in vivo than solubility.

The improvement o f  drug aqueous solubility and dissolution rate and thereby the oral 

bioavailability is one o f  the most challenging tasks in drug formulation. Several 

strategies have been applied to improve the physicochemical properties o f  solid APIs by 

means o f  multi-component solid forms such as hydrates/solvates, salts and cocrystals 

(Figure 1.2).

The most comm on current approach to solid form manipulation is salt formation (Berge 

et ai., 1977; Bighley et al., 1995; Stahl and Wermuth, 2002). It is estimated that more 

than 50% o f  the drugs on the market are available as salt forms. However, a major issue 

with salt formation is that the approach is limited to APIs which have suitable ionisable 

properties. The success o f  salt formation and salt stability depends largely upon the 

relative strength o f  the acid or base, where it is reported that a pK^ difference o f  >  2 

units (between the acid and base) is required to form a salt (Hippel, 1962; Bighley et al., 

1995). In addition, there are other problems that have been encountered with salts such 

as increased formation o f  hydrates and polymorphs resulting in greater variability o f  the 

d rug ’s physicochemical properties, reduced dissolution rate and solubility o f  

hydrochloride salts in gastric fluid and corrosiveness o f  some salts resulting in 

processing problems such as in tableting (Stahl and W ermuth, 2002).

In contrast to salt formation, the approach o f  cocrystal formation is applicable to a broader 

range o f  APIs and offers the possibility for non-ionisable, ionisable, acidic, basic and 

amphoteric APIs to form cocrystals. Cocrystals are long known multi-component structures 

(a comprehensive overview o f  the history and chemistry o f  cocrystals before the year 2000 

can be found in the report ofStahly, 2009), but are relatively unexplored. Their use in drug 

formulation has emerged as an interesting complementary strategy to salt formation for 

improving the physicochemical properties o f  APIs, primarily those that cannot form salts 

due to the presence o f  non-ionisable properties and which would therefore fall into BCS 

Class 2 and 4.

At the present time, no pharmaceutical cocrystal has yet been approved for sale.
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1.2 C o cry sta ls  as form ulation  strategy  

1.2.1 D efin ition  o f  cocrysta ls

T he an sw er  to the question  o f  w ha t  is a cocrystal has  caused  som e deba te  in the 

scientific  literature and is still controversial,  in particu lar w hen it co m es  to 

d is t ingu ish ing  a cocrystal from  other m u lti -co m p o n en t  sys tem s such as 

so lva tes /hydra tes  and salts. P robab ly  the m ost suitable  defin ition o f  a cocrystal is a 

com bina tion  o f  the curren tly  ava ilab le  suggestions, w here  a cocrystal can be defined  as 

a crys ta ll ine  com plex  o f  tw o  or m ore  different m olecu les ,  w h ich  are solids at am bient 

cond itions  and  w hich  are m ain ly  held together by  non-covalen t bonds  such as hydrogen  

bonds in the sam e crystal lattice (A akeroy  and  Salm on , 2005; Jo n es  et al. 2006; 

V ish w esh w ar  et al. 2006; C h ilds  and  H ardcastle, 2007; Stahly, 2007). 

i f  one  o f  the co m p o n en ts  is liquid at room  tem pera tu re  then the com plex  w ould  be 

considered  as a solvate. If  there is a proton transfer betw een  the co m p o n en ts  and thus 

the p resen ce  o f  an ionic bond, the com plex  w ould  be designated  as a salt.

H ow ever ,  as illustrated in F igure 1.4, the possib le  classes o f  m u lti-co m p o n en t  solid 

forms over lap  be tw een  hydra tes/so lva tes ,  salts and  cocrysta ls  and it is therefore  difficult 

to c lea rly  d is t inguish  them  from each other. T he  debate  will thus continue.

= API = counter- y  = water/ = Neutral
ion solvent guest

1. Homortieric 2. Hydrate/solvate 3. Cocrystal 4. Hydrated Cocrystal

5. Salt 6. Salt hydrate 7, Salt cocrystal 8. Salt hydrate cocrystal

Figure 1.4: Classes o f  multi-component crystals (Childs, 2009).
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1.2.2 Design of cocrystals

The design o f  cocrystals is also described as crystal engineering (detailed information 

about crystal engineering has been reported by Hippel et al., 1962) and involves a 

strategic selection o f  the cocrystal components. Based on the observation that hydrogen 

bonds are the main molecular interactions in a cocrystal, once an API has been selected, 

screening o f  a suitable coformer (usually a pharmaceutically acceptable excipient) with 

the ability to form hydrogen-bonds is performed. The objective is to identify hydrogen 

bonding motifs which are stable and which can be used to predict cocrystal formation 

within a family o f  related structures (Blagden et al., 2007). This procedure is also 

known as screening for supramolecular synthons. The term “supramolecular synthon” is 

defined as a structural unit which can be formed and/or assembled by known 

conceivable synthetic operations involving intermolecular interactions and has been 

introduced by Desiraju (1995). Etter and co-workers (1990) have described different 

hydrogen bonding rules which can be used as models in the screening o f  functional 

group preferences for hydrogen bonding formation (Etter, 1990 and 1991). Frequently, 

searching for synthons in existing crystal structures, which have been desposited in the 

Cambridge Structural Database (CSD), is o f  support (Vishweshwar et al., 2005).

Up to now, a large num ber o f  potential functional groups for cocrystal formation is 

known, where the carboxyl ic acid group is probably one o f  the most studied as it forms 

hydrogen bonds with a variety o f  amine functionalities that are present in many API 

molecules. A few examples o f  cocrystals which interact via a carboxylic acid and an 

amino group are the sulfadimidine:acetylsalicylic acid 1:1 and the sulfadimidine;4- 

aminosalicylic acid 1:1 cocrystals (Caira, 1992), the gabapentin:oxalic acid 1:1 

cocrystal (W enger and Bernstein, 2008) and the carbamazepine:succinic acid 2:1 

cocrystal (Childs and Rodn'guez-Hornedo, 2008). Several cocrystal production methods 

have been reported, such as solvent evaporation, slurrying, grinding, sublimation, 

melting, sonication or spray drying, but the m echanisms behind some o f  these processes 

are not fully understood (Aaerkoy et al., 2003; Zawarotko, 2005; Blagden et al., 2007; 

Alhalaweh and Velaga, 2010).

Up to now, there are no general rules which enable predictions o f  successful cocrystal 

formation as several factors such as pK;, values o f  the functional group, conformational 

flexibility o f  the molecules, solubility o f  the components (in the case o f  solution-based 

formation methods) and the type o f  method used to prepare cocrystals play a 

fundamental role in cocrystal formation (Blagden et al., 2007; Issa et al., 2009).
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1.2.3 Cocrystal phase diagrams

im p o rtan t  tools in unders tand ing  and  pred ic ting  cocrystal form ation from solution are 

phase  d iagram s such as ternary  phase  diagram s. T h ey  are used to visualise  solution and 

solid  phase  com posit ions  based on th e rm o d y n am ic  considera tions  (W oute rs  and Quere, 

2012). T he  practical p rocedure  o f  construc ting  phase  d iagram s involves the 

de term ina tion  o f  both the so lu tion  phase  (so lubility ) and the solid phase  w hich  remains 

after the  solution has  reached  equ ilib rium . Preferred m eth o d s  to analyse the so lubility  

and the solid  com posit ion  are H igh P erfo rm ance  Liquid ch ro m a to g rap h y  (H P L C ) and 

p o w d e r  X -ray  diffraction  (P X R D ),  respectively .

An im portan t pa ram ete r  w hich  con tro ls  cocrystal form ation  in solution and w hich  is 

re levant w hen selec ting  cocrysta l co m p o n en ts  is the so lubility  o f  the individual 

co m p o n en ts  in a g iven  so lvent (C hiare lla  et al., 2007). If  the solubilit ies  are s im ilar  it is 

ex p ec ted  that the co m p o n en ts  d isso lve  co n gruen tly  (i.e. that the co m p o n en ts  d isso lve  in 

the sam e  s to ich iom etric  ratio as they  exist in the solid phase) and the resulting  cocrystal 

w ou ld  be term ed as co ngruen tly  satura ting , i f  the co m p o n en ts  have very  d ifferent 

so lubilities ,  they will be considered  as incongruen tly  d isso lv ing  (i.e. that the 

co m p o n en ts  d isso lve  in a d ifferent s to ich iom etric  ratio than present in the solid phase) 

and  the resulting  cocrystal is te rm ed  incongruen tly  sa tura ting  (C hiare lla  et al., 2007; 

G o o d  and  R odriguez-H ornedo , 2009). C h iare lla  et al. (2007) have show n that cocrystal 

fo rm ation  is m ore likely to be successfu l w hen  the  cocrystal co m p o n en ts  have s im ilar 

so lubilities ,  h ow ever  this will limit the n u m b er  o f  potential cocrystal form ers for the 

pu rpose  o f  so lu tion  crysta llisation. T he  construc tion  o f  ternary  phase  d iagram s can help 

to p red ic t  cocrystal fo rm ation  for both congruen tly  and incongruen tly  sa tura ting  

sys tem s, as cocrysta ll isa tion  p a th w ay s  can be deduced .

T h ere  are two types o f  te rnary  phase  d iag ram s w hich  are o f  practical im portance: the 

phase  solubili ty  d iagram  (P S D ) and the tr iangu lar  phase  d iagram  (T P D ) (C hilds  and 

R o d rig u ez -H o m ed o ,  2008). T h e  phase  so lubility  d iagram  (P SD ) show s the solution 

concen tra t ions  at equ il ib rium  with solid  phases and  is useful to s tudy  solution 

co m plexa tion  (Zughul and  B adw an , 1997), w hile  the tr iangu lar  phase d iagram  (T P D ) 

sh o w s  the total com posit ion  o f  the system , the solid phases and  liquid phases  at 

equ il ib rium .

T he m o re  com plex  one to construc t and to read is the tr iangu lar phase  d iagram  w hich  is 

fur ther exp la ined  in the fo llow ing.

10



Chapter 1: Introduction

Figure  1.5 presents  t r iangu lar  phase  d iagram s in the case w hen the co m p o n en t  

concen tra tions  are  s im ilar  (congruen tly  sa tura ting) (left) and w hen the com ponen t  

concen tra t ions  are very  d ifferent ( incongruen tly  satura ting) (right).
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Figure 1.5: Schematic triangular phase diagram (TPD ) (Rager and Hiltlker, 2009) o f  

com ponent A and B which form the AB (1:1) cocrystal in solvent (S) when the solubilities o f  A 

and B are similar (left) and when the solubilities o f  A is much lower than that o f  B. Scales are 

in mole fraction. (The different regions, 1-6, depicted in the phase diagrams are explained in the 

text below).

Each apex o f  the triangle represents  100% o f  the individual co m p o n en t  (solid  A, B and 

so lven t S), w h ile  the side o f  the tr iangle  opposite  the apex  represents  0 %  o f  the

co m p o n en t  at the apex. A typical t r iangu lar  phase  d iagram  o f  a cocrystal has six

d ifferen t regions. Region 1 presents  a h o m o g en o u s  liquid phase, w here  both

co m p o n en ts  A and B are d isso lved  in the so lvent S. hi region 2, solid  A is in

equ ilib rium  w ith  the liquid phase, in reg ion  3, solid  A and cocrystai A B  are in 

equ ilib rium  with the liquid phase. In region 4, the cocrystal A B  is in equilib rium  with 

the liquid phase. In region 5, solid B and cocrystal A B  are in equilibrium  with the 

so lven t and in reg ion  6, solid  B is in equilib rium  with  the solvent. T he  points E l and E2 

are the eutectic  points, a lso  called  invariant points. A t these points, the liquid phase  is in 

equ il ib rium  with  a fixed concen tra tion  o f  solid A and cocrystal (at point E l ) and  solid B 

and  cocrystal (at po int E2). T he  solution com posit ion  betw een  these  tw o  points  is
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favourable for cocrystai formation (Good et a!., 20! I) and indicates the pathway for 

crystallisation o f  pure cocrystal phase in a given solvent.

The construction o f  such phase diagrams can be quite t ime-consuming as it has to be 

determined separately for each solvent.

A relatively new approach to facilitate the construction o f  triangular phase diagrams has 

been presented by Ainouz et al. (2009) based on data measured by discontinuous 

isoperibolic thermal analysis (DITA), a calorimetric method. It is a solvent independent 

method and enables extrapolations to be made from one data set to other solvents.

1.2.4 Identification and characterisation o f  cocrystals

An overview o f  the typical techniques which are used to determine the specific physical 

and chemical properties o f  both, crystalline and amorphous solid state forms and the 

information provided by each technique is presented Table 1.2.

Interpretation o f  results generated by these techniques is however not always 

straightforward, especially in differentiating between a salt and a cocrystal i.e. in 

determining whether proton transfer from an acid to a base has occurred or not (Stahly, 

2007). Although cocrystal formation can, in some instances, be readily apparent due to 

a colour change o f  the material compared to the individual components (e.g. the 

acetaminophen:2,4-pyridine dicarboxylic acid cocrystal is red, while its components are 

white solids, Sander et al., 2010), a combination o f  techniques is generally most reliable 

in verifying cocrystal formation. Single crystal X-ray diffraction together with solid 

state N M R and FTIR spectroscopy have been found to be the most suitable to 

distinguish between a cocrystal and a salt (Schultheiss and Newman, 2009).

Single crystal X-ray diffraction (SC-XRD) is the preferred technique in order to identify 

the crystal structure and packing patterns o f  crystalline and polymorphic forms. 

Knowledge about how the molecules are packed together is important as this can 

influence the solid state properties significantly (Wouters and Quere, 2012). However, 

the growth o f  a single crystal o f  sufficient size, as is required to make use o f  the 

technique, can be a very challenging and tedious task, in particular in the case o f  multi- 

com ponent crystalline fonns. Single crystals for X-ray structure analysis should 

practically be perfect in size and shape (around 0.1-0.3 mm in all three dimensions) and 

require specific conditions to grow where the type o f  solvent, the temperature, the time 

and the technique can have considerable impact on the result (Laudise, 1970; Chetina, 

2 0 1 2 ).
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Since many crystalline solids cannot be prepared as single crystals or are only available 

as crystalline powders, powder X-ray diffraction (PXRD) has become an advanced 

alternative tool for crystal structure determination (Harris and Cheung, 2004).

One o f  the first examples where a crystal structure was solved from powder data for a 

cocrystal (a three molecular component cocrystal composed o f  racemic bis-P-naphtol, 

benzoquinone and anthracene) that had been prepared by grinding was reported by 

Cheung et al. (2003). Recently, Lapidus and co-workers have compared powder and 

single crystal techniques based on ten cocrystals and they found that high resolution 

powder diffraction is a reliable technique for solving crystal structures (Lapidus et al., 

2 0 1 0 ).
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Table 1.2: Characterisation techniques o f  solid forms.

Technique Information derived

X -ra y  d i f f ra c t io n  a n a ly s i s

1) P o w d e r  X - ra y  d i f f ra c t io n  ( P X R D )

2) S in g le  c ry s ta l  X - ra y  d i f f r a c t io n  
( S C - X R D )

D e te c t io n  o f  c ry s ta l l in e  a n d  a m o r p h o u s  
p h ase ,  p o ly m o rp h  d e te c t io n ,  c ry s ta l  
s t ru c tu re  d e te rm in a t io n

C ry s ta l  s t ru c tu re  d e te rm in a t io n

D if fe re n t ia l  S c a n n in g  C a lo r im e t r y  (D S C )

D e tec t io n  o f  m e l t in g  p o in t  (Tm), g la s s  
t ran s i t io n  (Tg), c ry s ta l l i s a t io n ,  so l id  form  
t ra n s fo rm a t io n ,  d e c o m p o s i t io n ,  re s id u a l  
so lv e n t  c o n te n t

T h e r m o g r a v im c t r i c  a n a ly s is  ( T G A )
M a ss  loss  d u e  to  s o lv e n t  loss , s u b l im a t io n ,  
e v a p o ra t io n ,  d e c o m p o s i t io n

F o u r ie r  t r a n s fo rm  - in f ra - re d  (F T I R )  
s p e c t r o s c o p y

M o le c u la r  s t ru c tu re  in fo rm a t io n ,  d e te c t io n  
o f  m o le c u la r  in te ra c t io n s

N u c le a r  m a g n e t ic  r e s o n a n c e  ( N M R )  
s p e c t r o s c o p y

1) L iq u id

2 )  S o l id  s ta te

M o le c u la r  s t ru c tu re  in fo rm a t io n ,  
s to ic h io m e t ry

M o le c u la r  c o n fo rm a t io n s  a n d  in te ra c t io n s ,  
p o ly m o rp h  id e n t i f ic a t io n

E le m e n ta l  a n a ly s is  (E A )
E le m e n ta l  c o m p o s i t io n  %  (w /w ) ,  
s to ic h io m e t ry

S c a n n in g  E le c tro n  M ic r o s c o p y  ( S E M ) M o rp h o lo g y

E n e rg y -d i s p e r s iv e  X - ra y  a n a ly s i s  ( E D X A )  
in c o n ju n c t io n  w i th  S E M

E le m e n ta l  m a p p in g  (q u a l i ta t iv e  a n d  
q u a n t i ta t iv e  an a ly s is )

D y n a m ic  V a p o u r  S o rp t io n  ( D V S ) H y g ro s c o p ic i ty

H ig h  P e r f o r m a n c e  L iq u id  c h r o m a to g r a p h y  
( H P L C )

C h e m ic a l  c o n te n t ,  p u r i ty
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1.2.5 P o lym orp h ism  in cocrysta ls

S creen ing  to r  p o lym orph ic  forms is o f  par ticu lar im portance  since  p o lym orphs  can 

exh ib it  d ifferent physical and chem ical p roperties  such as d iffe ren t stabilities 

(p o lym orph  conversion),  m elting  points  and so lubilit ies  w hich  can influence the 

d isso lu tion  rate and thus the bioavailability . P o lym orphs  are therefore an interesting 

additional possib ility  to m od ify  the physicochem ica l  p rope rt ie s  o f  APIs.

A n exam ple  o f  p o lym orph  fom iation  d epend ing  on the fo rm ation  m ethod  used  has been 

reported  for cocrysta ls  o f  caffe ine  and glu taric  ac id (T rask  et al., 2004). W hile  solvent 

evapora tion  from a m ixture  o f  ch lo roform  and  m ethano l resulted  in the form ation  o f  

tw o  cocrystal po lym orphs  (A and  B), l iquid-assisted  g r ind ing  o f  caffe ine  and glutaric 

ac id  using  small am oun ts  o f  cyc lohexane  gave  on ly  cocrystal form A and pure 

po lym orph ic  form B w as  obta ined  by  add ing  ch lo ro fo rm  to the dry m ixture  prior to 

grinding. It w as also show n that the tw o  forms differed  in their s tability  w hen exposed  

to d ifferent hum idities,  w here  the less s table  form (p o ly m o rp h  A) converted  to the m ore  

s table form (po lym orph  B).

T he ch lo rzo x azo n e :2 ,4 -d ih y d ro x y b en zo ic  acid  I;1 cocrystal is an o th e r  exam ple  

sho w in g  po lym orph ism  (C hilds  and H ardcastle, 2007). By m eans  o f  so lvent 

evaporation , form 1 could  be crysta llised  from te trahydro fu ran  and form 11 from ethyl 

acetate. W hen d ry  g rind ing  w as used, on ly  form 11 could  be  generated , w hile  liquid- 

ass is ted  g rind ing  o f  form I resulted  in the form ation o f  the m ore  stable form 11.

These  findings show the im portance o f  the produc tion  m ethod  in the form ation and 

d iscovery  o f  cocrystal po lym orphs.

1.2.6 C ase  s tud ies  o f  cocrysta ls

T he  fo llow ing  few ex am p les  dem onstra te  ho w  cocrysta l form ation can m odify  and 

im prove  the physicochem ica l p roperties and h o w  cocrys ta ls  can be form ed by strategic 

design.

Itraconazole  cocrysta ls: Itraconazole  is an an tifungal d rug  w hich  has very  poor 

aqueous  so lubility  in the crysta ll ine  form. T o  ach ieve  g o o d  oral b ioavailability ,  it is 

ava ilab le  in the am o rp h o u s  form (as Sporanox® ).  R em en a r  et al. (2003) have show n, 

based  on three itraconazole  cocrystals  co m p o sed  o f  succ in ic  acid, | -m alic  acid and i - 

tartaric acid that the so lubility  o f  crysta lline  i traconazole  can be im proved  when 

form ulating  as a cocrystal.  T he  (dynam ic)  so lubility  w as  de term ined  in 0.1 N HCl 

so lu tions at 25 °C for over  500 m inutes.  T he so lub ili ty  profiles o f  the cocrystals
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revealed 4- to 20-fold higher drug concentrations compared to pure itraconazole and the 

concentrations were maintained for up to 8 hours. The dissolution rate o f  the 

itraconazole;;-malic acid cocrystal was found to be comparable with that o f  amorphous 

itraconazole (Sporanox®). Due to the crystalline nature o f  the cocrystal, it is anticipated 

that the solid state stability is improved compared to the amorphous form.

Glutaric acid cocrystals: Trask et al. (2005) have shown based on the caffeine;glutaric 

acid 2:1 cocrystal prepared by liquid-assisted grinding, that the cocrystal revealed 

superior physical stability under conditions o f  up to 98% RH at 20 °C over a time 

period o f  seven weeks com pared to pure anhydrous caffeine. Additional slurry 

experiments in water at ambient conditions over 2 days confirmed the cocrystal stability 

since no phase transformation was observed. M cNamara et al. (2006) have presented a 

study o f  a glutaric acid cocrystal containing the low water-soluble non-ionisable 2-[4- 

(4-chloro-2-fluorophenoxy) phenyl] pyrimidine -4-carboxamide, a sodium channel 

blocker. Intrinsic dissolution studies in water at 37 °C over 90 minutes revealed that the 

cocrystal showed a significant improvement in dissolution rate o f  approximately 18 

times compared to the parent drug. The cocrystal was also shown to improve the 

bioavailability (based on a study with dogs) by three times in comparison to the drug on 

its own.

Carbam azepine cocrystals: Carbamazepine is an antiepileptic drug which is known to 

exist in four polymorphic forms. It reveals poor aqueous solubility and requires a high 

dose in order to achieve a therapeutic concentration (>100 mg/day). Based on seven 

different carbamazepine cocrystals. Good and Rodriguez-Hom edo (2009) reported 2 to 

152 times greater aqueous solubility than the solubility o f  the stable carbamazepine 

dihydrate form. Extensive studies on solution stability were performed which have 

shown that the solubility can be tailored by selecting a coformer with appropriate 

solubility. Coformers which exhibited relatively low aqueous solubility resulted in 

stable carbamazepine cocrystals, whereas cocrystals containing coformers with 

relatively high aqueous solubility showed conversion to carbamazepine dihydrate after 

slurrying in water. The investigation o f  solution stability o f  drug forms is in general an 

important parameter since the solid drug form, when in contact with the body fluid, may 

convert and result in precipitation o f  the more stable fonn. In the case o f  cocrystals, 

which are m ulti-component systems it is possible that after dissolving one o f  the
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components will precipitate, which will have a significant impact on the actual 

bioavailability. A study based on twenty carbamazepine cocrystals with eighteen 

different carboxylic acid coformers prepared from water has shown that only seven 

were stable, while the others showed conversion to the parent drug after slurrying in 

water for 20 -48  hours (Childs et al., 2008). The construction o f  ternary phase solubility 

diagrams has been useful to indicate the therm odynam ic stability regions o f  the 

carbamazepine cocrystals (Childs et al., 2008).

In a study by Hickey et al. (2007) the carbamazepine:saccharin 1:1 cocrystal was 

compared to the marketed form o f  carbamazepine (I'egretol^). it was shown that the 

chemical and physical stability o f  the cocrystal was comparable to the available 

marketed form. The stability study was performed at elevated temperature (5, 40 and 60 

°C at ambient humidity) and at elevated RH conditions (25 °C/60%  RH and 40 °C775% 

RH) over 2 months. The results demonstrated that both, the cocrystal and pure 

carbamazepine, did not degrade at the elevated temperatures, but showed similar 

degradation profiles under the elevated RH conditions. Oral bioavailability studies o f  

the cocrystal in dogs have show'n that the cocrystal formulation exhibited higher plasma 

levels (AUC and C^ax) than TegretoT.

The compaction and compression properties o f  the carbamazepine;saccharin 1:1 

cocrystal and pure carbamazepine have been investigated by Rahman et al. (2012). The 

study was performed by compressing powder at nine different compression force. The 

compacts were evaluated for thickness, diameter, weight, hardness and the radial tensile 

strength was calculated. The results showed that the cocrystal is better compressible and 

compacts o f  cocrystal have a higher tensile strength at any compression pressure than 

compacts o f  carbamazepine.

Paracetam ol cocrystals: A study by Karki et al. (2009) based on four paracetamol 

cocrystals has shown that cocrystals improve the mechanical properties such as 

compressability and tensile strength. The study o f  compression properties revealed for 

all four cocrystals a better tablet formation ability than free paracetamol, polymorph I. 

While paracetamol, polymorph 1 could not be compressed into a tablet without the 

observation o f  capping, the four cocrystals formed readily tablets. The best tensile 

strength w'as found for the paracetamolitheophylline 1; I cocrystal.
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A M G  517  cocrysta ls: A M G  517  is a dev e lo p m en t lead cand ida te  o f  A m gen  for the 

trea tm en t o f  chron ic  pain. T he  d rug  reveals  so lubility  limited absorp tion  and is unstable 

at low  pH. A study  by S tanton and Bak (2008) investigated  cocrystal form ation o f  

A M G  517 with  ten com m erc ia l ly  ava ilab le  acids. T he  so lubility  w as m easured  in fasted 

state s im ula ted  intestinal fluid (F aS S lF ) .  S ix o f  the tested cocrysta ls  sh o w ed  a transient 

so lub ili ty  ad van tage  (for 1 -2  hours)  w hen com pared  to the pure  drug. A fter  that time, 

the so lub ili ty  dec reased  s ign ifican tly  as a result o f  convers ion  to  the free base  hydra te  o f  

A M G  517. H ow ever,  it w as sugges ted  that the enhanced  apparen t so lubility  is high 

en o u g h  to g ive increased  d rug  ex posu re  in pharm acok ine tic  studies. M oreover,  m ost o f  

the cocrys ta ls  show ed  good  solid  s tate stability  under conditions  o f  75%  RH and 40  °C. 

N o phase  changes  based  on P X R D  experim en ts  w ere  observed. Eight o f  nine A M G  517 

cocrysta ls  w ere  c lassified  as n o n -h ygroscop ic ,  w hile  one w as  sligh tly  hygroscopic . In 

the study  it w as also observed  that in 78%  o f  the cases the m elting  point o f  the cocrystal 

corre la ted  with  the m elting  po in t  o f  the coform er. It w as  there fo re  suggested  that it is 

poss ib le  to m od ify  the m elt ing  poin t o f  an API by se lec ting  o f  the cocrystal form er 

m elt ing  po in t (high values are usually  p re ferred  for ach iev ing  be tte r  therm al stability  

with respect to m aterial processing).

S u lfo x id e  cocrysta ls: A study  by K u m ar  et al. (2002) investigated com plex  formation 

o f  th e  su lfox ide  t ran s - l ,4 -d i th ian e -1 ,4 -d io x id e  with som e m ono  and d icarboxy lic  acids. 

T hey  have  show n that s table cocrysta ls  can be formed, in teracting by  hydrogen  bond 

form ation be tw een  the ca rboxy lic  acid and  su lfoxide  m oiety. S te iner (2001) realised in 

a C S D  analysis  that the p re fe ren ce  o f  hyd ro g en  bond form ation betw een  a carboxy lic  

acid and  a su lfoxide  g ro u p  w ith in  m olecu les  occurs  with a p robab ili ty  o f  75%  

ind icating  that  there  is great  potential to p red ic t  cocrystal formation be tw een  these two 

functional groups. In later s tud ies  p e r fo rm ed  by  Eccles et al. (2010) it w as dem onstra ted  

that  the  su lfox ide  m oiety  no t o n ly  in teracts well with carboxylic  acids; there is also 

pre fe rence  for hydrogen  b o n d in g  form ation with  am ino  functional g roups, a co m m o n  

functionali ty  in nu m ero u s  A PIs .  Seven  cocrysta ls  w ere  successfu lly  form ed by so lvent 

evapora t ion  and  by  solid  s tate  grind ing . Salt fo rm ation  w as exc luded  due to the very  

poorly  basic  properties  o f  su lfoxide.
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Sulfonamide cocrystals: Caira and co-workers have reported extensively on 

interactions between the sulfonamide functional group and the carboxylic acid group. 

The sulfonamide functional group is present in a num ber o f  antibiotics, but also in some 

diuretics (o f  the thiazide type) and some antidiabetic drugs (o f  the sulfonylurea type). 

Based on the antibiotic sulfadimidine as a model compound, Caira (1991, 1992) has 

demonstrated complex formation (at that time the term cocrystal was not defined) with 

different aromatic carboxylic acids coformers in what were some o f  the first studies on 

cocrystal fomiation. The author reported on the formation o f  six sulfadimidine aromatic 

carboxylic acid (2- and 4- aminobenzoic, 4-aminosalicylic, acetylsalicylic, p- 

chlorobenzoic and o-phthalic acid) cocrystals produced by solvent evaporation. In a 

later study based on sulfadimidine with benzoic, 2-aminobenzoic, salicylic, 

acetylsalicylic, p-chlorobenzoic and o-phthalic acid as coformers it was shown that 

cocrystals can be formed by solid state grinding (Caira et al., 1995). The hydrogen 

bonding preferences were found to be the same in all sulfadimidine cocrystals involving 

the sulfonamide functionality and the carboxylic acid group.

Sulfadimidine is a known sulfonamide antibiotic (folic acid inhibitor) used against a 

wide variety o f  infectious diseases particularly those affecting the respiratory, 

gastrointestinal and urogenital tract in humans and in veterinary medicine (Prescott and 

Baggot, 1988). The study o f  cocrystal formation using two APIs such as sulfadimidine 

and 4-aminosalicylic acid (also an antibiotic with the same pharmacological mechanism 

o f  action as sulfadimidine and primarily used in the treatment o f  tuberculosis 

(OT^onnell et al., 1992; Bailey et al., 2008)) and sulfadimidine and acetylsalicylic acid 

(known as aspirin, an API with analgesic, anti-intlammatory and antipyretic effect) was 

suggested to be therapeutically useful, as the drug combination may exhibit a 

synergistic effect requiring (normally) sub-therapeutic amounts to be administered 

(Caira, 1992).

In another study by Bettineti et al. (1997) it was demonstrated that sulfadimidine forms 

a cocrystal with trimethoprim (also an antibiotic); the cocrystal being prepared by 

solution crystallisation. In contrast, when sulfamethoxazole, a structurally related 

sulfonamide, and trimethoprim are used, a salt is formed (Nakai et al., 1984). The 

difference in outcome depending on which sulfa compound was used was attributed to 

the stronger acidic property o f  sulfamethoxazole compared to sulfadimidine. The study 

demonstrated that the acid strength is a determining factor as to whether a salt or a 

cocrystal is formed. Later investigations showed that the sulfonamide.
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su ifam eth o x y p y r id az in e  can t'onn a cocrystal w ith  tr im ethoprim  w hen  crysta llised  from 

m ethanol but forms a salt hydra te  w hen crysta llised  from w a te r  (Bettineti et al., 2000). 

T he in teractions betw een  the tw o  co m p o n en ts  w ere  s im ilar  involving the sam e 

functional groups, w hereas  the cocrystal sh o w ed  tw o  hydrogen  bonds  w hile  the salt 

show ed  one  hydrogen  bond and  one ionic interaction (pro ton  transfer). T he s tudy  

e lucida ted  that careful charac terisa tion  is required  to d istinguish  betw een cocrystal and 

salt formation.

1.2.7 Perspective

D ue to the structural diversity , cocrystal form ation  offers a broad scope with the ab ility  

to  t lne-tune  the physicochem ica l  p roperties  o f  k now n  and new A PIs  and to d isco v er  

new forms. Further research is essential in o rder  to fm ally  im p lem en t cocrystal 

m anufac tu ring  and  use on a com m erc ia l  scale.
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Characterisation, solubility and intrinsic dissolution  

behaviour of the benzamiderdibenzyl sulfoxide cocrystal





C h a p te r  2: S o lub i l i ty /d isso lu t ion  o f  a su lfo x id e  cocrys ta l

2.1 In troduc t ion

It has been previously shown that the sulfoxide (S = 0 )  functionality, comm on in a 

significant num ber o f  APIs, is a potent hydrogen bonding acceptor and forms cocrystals 

in association with a wide variety o f  amino ( NH)  functional groups (Eccles et a!., 

2010). The benzamide:dibenzyl sulfoxide (BAM iDBSO) 1:1 cocrystal is a 

representative example o f  this class. Dibenzyl sulfoxide acts as a hydrogen bond 

acceptor due to the polar sulfoxide moiety (Eccles et al., 2010) while being poorly water 

soluble, as is the case for a wide range o f  APIs. BAM is a hydrogen bond donor with 

higher aqueous solubility in comparison to DBSO (O ’Neil et al., 2006). Therefore, 

BAM represents a model coformer o f  the cocrystal.

Som e cocrystals have previously been reported to result in improved bioavailability o f  

poorly soluble APIs as a result o f  improved dissolution rate (McNamara et al., 2006; 

Hickey et al., 2007, Jung el al., 2010). Determination o f  the solubility o f  complexes was 

reported by Higuchi as early as in the 1950s (Higuchi and Connors, 1965). Rodriguez- 

Hom edo and co-workers have recently developed new theoretical models in order to 

predict solubility and solution stability o f  cocrystals (Nehm et al., 2006; Good and 

Rodriguez-Hornedo, 2009; Reddy L.S. et al., 2009; Good and Rodn'guez-Hornedo, 

2010). It was found that the solubility o f  cocrystals is dependent on the coformer 

concentration in the appropriate solvent (Good and Rodriguez-Hornedo, 2009). 

Therefore, it is important to measure concentrations o f  both compounds when 

undertaking the solubility experiment. Solubility is a relevant parameter that has to be 

investigated for each cocrystal system since true equilibrium solubility might be 

difficult to measure due to solid state transformation in solution (Good and Rodriguez- 

Hornedo, 2009). Such solution-mediated transformations to the thermodynamically 

more stable state should result in a change in the dissolution rate and therefore it is 

important to control/measure these processes. How'ever, solid state changes are not the 

sole rate-determining factors. Surface area, particle size distribution o f  the drug, fluid 

dynamics and the experimental apparatus can complicate the interpretation o f  

dissolution results (Good and Rodriguez-Hornedo, 2009).

Intrinsic dissolution tests have been reported for numerous single component 

pharmaceutical materials (Higuchi et al., 1965; O ’Connor and Corrigan, 2001; Mauger 

et al., 2003; Yu et al., 2004; A vdeef  and Tsinnian, 2008) whereas little literature is 

found for cocrystals (Childs et al., 2004; Jung et al., 2010; Lee et al., 201 1; Rahman et 

al., 2012). The intrinsic dissolution rate is based on measurements o f  powder compacts
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o f  known surface area under conditions o f  controlled hydrodynamics (Healy et al., 

2002) and is described as particle-size independent (W ood et al., 1965; Hendriksen and 

Williams, 1991). Since the surface area does not change over time, the dissolution rate 

depends on the solubility o f  the solute, hydrodynamics and diffusion coefficient in the 

dissolution medium (Wood et al., 1965; Hendriksen and Williams, 1991).

This report investigates solid state characteristics, solubility and dissolution behaviour 

o f  the benzamide'.dibenzyl sulfoxide cocrystal in comparison to its pure compounds and 

an equim olar physical mixture.

2.2 Materials and Methods  

2.2.1 Materials

Dibenzyl sulfoxide (DBSO) was synthesised as described by Kuliev et al. (1984), using 

dibenzyl sulfide which was purchased from Sigma-Aldrich (Ireland). The synthesis was 

performed by Kevin Eccles (Department o f  Chemistry, Analytical and [biological 

Chemistry Research Facility, University College Cork, Cork, Ireland). Benzaniide 

(BAM ) was obtained from Sigma-Aldrich (Ireland). (Details o f  physical and chemical 

properties o f  D liSO  and EiAM can be found in Appendix 5, Table A.5.1) Acetonitrile, 

IIPLC grade, was purchased from Fisher Scientific (Ireland). Water, analytical and 

HPLC grade, was prepared from an Elix 3 connected to a Synergy UV system 

(Millipore, UK).

2.2.2 Methods

2.2.2.1 Preparation o f  the cocrystal

The benzamide'.dibenzyl sulfoxide (BA M .D BSO ) 1:1 cocrystal was synthesised by 

Kevin Eccles (Department o f  Chemistry, Analytical and Biological Chemistry Research 

Facility, University College Cork, Cork, Ireland). Therefore, an ethyl acetate solution (5 

ml) o f  benzam ide (60 mg, 0.50 mmol) was added to a slurried mixture o f  dibenzyl 

sulfoxide ( 1 15 mg, 0.50 mmol) in ethyl acetate (5 ml) with stirring. After dissolution o f  

dibenzyl sulfoxide the solution was filtered and the filtrate was allowed to stand until 

crystals have fonned. The crystals were then analysed by single crystal X-ray 

diffraction, as reported by Eccles et al. (2010). The structure has been deposited in the 

Cam bridge Crystallographic Data Centre, reference num ber is CCDC 782027. 

Crystallographic c if  files and supplementary data are available at http://pubs.acs.org.
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2.2.2.2 Powder X-ray diffraction (PXRD)

P o w d er  X -ray  analysis  w as perfo rm ed  using a M in itlex  I! R igaku d iffrac tom eter  with 

N i-filtered Cii K u radia tion  ( I  = 1.54 A ) .  T he  tube vo ltage  and tube curren t used were 

30 kV  and 15 niA, respectively. T he  sam ples  w ere  scanned  over a 2 theta range o f  5° to 

40°  with a step size o f  0 .05° per second  (T a jber et al., 2009).  T he program  M ercury  2.3 

(M ercu ry  C S D  2.0, 2008) w as used for ca lcu la tion  o f  X -ray po w d er patterns  on the 

basis  o f  the single crystal structure es tab lished  by Eccles et al. (2010).

2.2.2.3 Thermal analysis

2.2.2.3.1 Differential .scanning calorimetry (DSC)

Differential scann ing  ca lo r im etry  w as perfo rm ed  using  a M ettler T o ledo  D SC  8 2 1 

instrum ent under n itrogen purge. Sam ple  pow ders  w'ere p laced  in a lu m in iu m  pans, 

sealed, pierced to p rovide  three vent holes and hea ted  at a rate o f  10 °C /m in  in the 

tem pera tu re  range o f  25 to 250 °C (Tajber et al., 2005).  C alibration o f  the instrum ent 

w as carried  out using indium  as standard. T he DSC system  w as contro lled  by M ettler 

T o ledo  S T A R e softw are  (version 6 .10) w ork ing  on a W in d o w s N T  operating  system. 

T em pera tu res  o f  m elting  and crysta llisation  events  re fer  to onset tem peratures .  

Presented  values are the average  o f  3 results.

2.2.2.3.2 Thermogravinietric analysis (TGA)

T h erm ograv im etr ic  ana lysis  w as perfo rm ed  using a M ett le r  TG 50 m odule . Sam ples  

w ere  p laced into open  a lum in ium  pans (5-12 m g) and  ana lysed  at a cons tan t heating 

rate o f  10 °C /m in  under n itrogen  purge  (T a jber  et al., 2005). T he  instrum ent was 

controlled  by M ettle r  T o led o  S T A R e softw are  (vers ion  6 .10) w ork ing  on a W indow s 

N T  operating  system.

2.2.2.4 Attenuated total reflection - Fourier transform infra-red (ATR-FTIR)  

spectroscopy

Infrared spectra  w ere  recorded  on a P erk inE lm er S pectrum  1 FT-IR  S pectrom ete r  

equ ipped  with a U A T R  and a d iam o n d /Z n S e  crystal accessory . Each spec trum  was 

scanned  in the range o f  650-4 0 0 0  cm"' w ith  a resolution o f  4 c m ' '  and a m in im um  o f  six 

scans w ere  co llec ted  and  averaged  in o rder  to gain go o d  quality  spectra. Data w ere  

eva lua ted  using Spectrum  v 5 .0 .1. software.
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2.2 .2 .5  So lub ility  studies

2.2.2.5.1 E q u il ib r iu m , phase so lub ility  and d yn am ic  solubility

The solubilities of 'pure  compounds and the cocrystal were determined using a 24-hour 

shake tlask method (used previously for many compounds) (Wermuth, 2008). 

Therefore, an excess o f  solid (approximately 2 -3  times the amount expected to achieve 

saturation solubility) was added to 10 ml o f  water in glass ampoules, which were then 

heat sealed. To measure complexation between compounds, known amounts o f  BAM o f  

increasing concentration (= initial BAM concentration) were dissolved in 10 ml o f  

water in glass ampoules. Then excess o f  solid DBSO or cocrystal was added to each 

ampoule and the ampoules were heat sealed. The ampoules were placed horizontally in 

a thermostated vvaterbath at 37 °C and shaken at 100 cpm for 12 and 24 hours and also 

at 48 and 72 hours for dynamic solubility studies. After the appropriate time, the 

ampoules were opened, the supernatant withdrawn and filtered through 0.45 |.im 

membrane filters (PVI)F - Cronus®). Concentrations o f  the components in the 

supernatant w'ere determined by HPLC. The term “apparent solubility" is used to denote 

the solubility o f  systems where complexation occurs and “true" equilibrium solubility is 

therefore difficult to measure. The solid materials, remaining in the ampoule after 12 

and 24 hours o f  solubility studies were kept, dried at 40 °C and examined t'or phase 

transformation by PXRD and DSC. The experiments were perf'ormed in triplicate.

2.2.2.5.2 T ransit ion  con centration  (C|r) m ea su rem en t

The transition concentration or invariant point was determined using a previously 

reported method (Good and Rodn'guez-Homedo, 2009), This was achieved by adding 

excess DBSO to a slightly undersaturated aqueous BAM solution and by adding excess 

cocrystal to a presaturated aqueous DBSO solution. The suspensions were stirred over 

24 hours at 37 °C. After 24 hours supernatants were withdrawn, filtered through 0.45 

|am m embrane filters (PVDF - Cronus®) and quantified by HPLC. Ctr values are 

expressed as the average established from these two experimental approaches (Good 

and Rodriguez-Hom edo, 2009). The solid phases were characterised by PXRD and 

DSC. The experiments were performed in triplicate.
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2 .2 .2 .6 Intrinsic d isso lution  study

T he  intrinsic d isso lu tion  rate ( ID R ) o f  solid m ateria ls  w as  determ ined  using  constan t 

su rface  area disks. T hese  d isks w ere  prepared  by co m p ress in g  po w d er into com pac ts  

us ing  a Perkin E lm er hydraulic  press. Therefore , 300  m g  o f  each solid was w'eighed and 

co m p ressed  in a 13 m m  punch and die set at a p re ssu re  o f  8 tonnes for 1.5 m in. The 

co m p ac ts  w ere  coa ted  using  paraffm  wax, leaving on ly  the surface  under investigation  

free for d isso lu tion  (N icklasson  et al., 1981; H ealy  et al., 2002) and affixed horizon ta lly  

to the base o f  the d isso lu tion  vessel using adhes ive  tape. T he s ta tionary  disc m ethod  

w as  used in p reference to the ro tating  disc m ethod  (W o o d ’s apparatus). It was 

p rev iously  observed  that, w hile  the W ood  appara tus  is suitable for s tu d y in g  the 

d isso lu tion  o f  s ing le  co m p o n en t  system s, it is less su ited  to m ulticom ponen t  system s, 

w ith  a g reater tendency  for d is in tegration and thus d isruption  o f  the constan t surface 

area, than with the s ta tionary  disc m ethod , w hich  w as  prev iously  used successfu l ly  for 

tw o  co m p o n en t  sys tem s (H ealy  and C orrigan, 1992; H ea ly  and C orrigan ,  1996). T he 

d isso lu tion  studies w ere  carried  out in 900 ml o f  vacuum  filtered and degassed  w a te r  at 

37 °C in a padd le  appara tus  ( V arian /V ankel; A ppara tus  2, Ph. Eur.) at a ro ta tion  speed 

o f  100 rpm. A liquo ts  o f  5 ml w ere  w ithdraw n (w ith  rep lacem en t)  at appropria te  tim e 

intervals, filtered th rough  0.45 [.mi filters (P V D F  - C ro n u s® )  and ana lysed  for sam ple  

concen tra tion  by HPLC . T he  study, perfo rm ed  in trip licate ,  w as te rm inated  af te r  90 

m inutes.  T he intrinsic d isso lu tion  rate (IDR) w as de te rm ined  from the slope o f  the 

d isso lu tion  tim e profiles. Initial and limiting rates w ere  d e ten n in e d  within the first five 

m inu tes  and be tw een  sixty and  n inety  m inutes,  respectively . T he  disks w ere  recovered , 

dried  at am bien t  tem pera tu res  and then analysed  by A T R -F T IR  and S E M /E D X  for 

su rface  changes.

2.2.2.7  High P erform ance  Liquid C h ro m a to g ra p h y  (H P L C )

T he  H PL C  m ethod  w as deve loped  by N uala  M agu ire  (D epartm en t o f  C hem is try ,  

A nalytica l and Biological C hem is try  R esearch  Facility  and School o f  Pharm acy, 

U nivers ity  C o llege  C ork , C ork , Ireland). C oncen tra t ions  o f  D B S O  and  B A M  in 

so lu tions w ere  de term ined  using  a Sh im adzu  H PLC  C lass  V P series with  a L C -IO A T  

VP pum p, S IL -IO A D  VP au tosam pler  and S C L -IO V P  system  controller. T he m obile  

phase  was vacuum  filtered through a 0.45 |.mi m em b ran e  filter (G e lm an  Supor-450).  

Separation  w as perfo rm ed  on a Luna C l 8 co lum n (250  m m  length, d iam ete r  4 .6  m m , 

partic le size 5 |.un) at a UV detection w aveleng th  o f  254  nm  with an injection vo lum e o f
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10 pi. The mobile phase consisted o f  acetonitrile/water 60/40 (v/v). The elution was 

carried out isocratically at ambient temperatures with a tlow rate o f  1 ml/min. For peak 

evaluation Class-VP 6.10 software was used.

2.2.2.8 Energy-Dispersive X-ray (EDX) analysis and Scanning Electron 

M icroscopy (SEM )

In order to determine the elemental composition on compact surfaces, EDX analysis 

was performed using a Tescan Mira Variable Pressure Field Emission Scanning 

Electron Microscope (Czech Republic), operating at a resolution o f  3 nm at 30 kV and 

equipped with an Oxford Inca energy-dispersive microprobe and a backscattered 

electron detector. Powder compacts were glued onto aluminium stubs using carbon

cement, dried for 24 hours at ambient temperatures and coated with carbon under

vacuum prior to analysis. X-ray spectra were evaluated quantitatively on the basis o f  the 

carbon peak. Furthermore, surface images at various magnifications were performed by 

SEM using a Zeiss Supra Variable Pressure Field Emission Scanning Electron 

Microscope ((jermany) at a resolution o f  1.5 nm at 15 kV equipped v\ith a secondary

electron detector. Powder compacts were glued onto aluminium stubs using carbon

cement, dried for 24 hours at ambient temperatures and sputter-coated with gold under 

vacuum prior to analysis.

2.2.2.9 Statistical analysis

2.2.2.9.1 Tw o sample t-test

Microsoft^ Excel data analysis software was used to determine statistical significance. 

The two sample t-test was used to compare the means and standard deviations o f  two 

independent samples at a significance level o f  a=0.05.

1.1.2.9.2 ANOVA

Origin Lab* '̂ data analysis software was used to determine statistical significance using 

one-way ANOVA at a significance level o f  u=0.05.

2.2.2.9.3 Linear regression

Linear regression analysis was performed using the method o f  least squares by 

Microsoft*^ Excel software. The adequacy o f  the tit was assessed from the regression 

coefficient (R^).
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2.3 Results and Discussion 

2.3.1 Solid state properties

I'he powder X-ray diffraction pattern o f the 1:1 B A M :D B S() cocrystal is shown in 

Figure 2.1. This revealed a characteristic diffraction pattern, which differed from those 

o f  the two individual components (DBSO and B A M ) and the equimolar physical 

mixture. The DSC thermogram in Figure 2.2 confirmed the presence o f the cocrystal 

and indicated a sharp endothermic melting event w ith an onset temperature o f around 

1 15.68 ± 0.33 °C (with a heat o f fusion, A H r=  159.32 ± 4.82 J/g). In contrast BAM  and 

DBSO, showed melting onsets at around 126.90 ± 0.31 °C (AH( = 188.05 ± 3.79 J/g) 

and 134.23 ± 0.53 °C (AH, = 131.90 ± 1.24 J/g), respectively.

25

Diffraction angle (20)

Figure 2.1: PXRD patterns o f a) 1:1 BAM:DBSO cocrystal calculated based on single crystal 

data, b) BAM:DBSO (1:1) physical mixture, c) 1:1 BAM:DBSO cocrystal, d) pure DBSO and 

e) pure BAM.
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exo

o
(N

100 125

Temperature (°C)

150 175 200

Figure 2.2; DSC thermograms o f a) B A M :D fiS O  (1:1) physical mixture, b) 1:1 EiAM :DBS()

cocrystal, c) pure DBSO and d) pure BAM .

A7 R-FTIR revealed evidence o f significant intermolecular interactions based on two 

characteristic shifts towards lower frequencies. As shown in Figure 2.3, the symmetric 

NH stretching band o f BAM  is shifted from 3173 cm'' to 3140 cm '' and the S=0 

functional group from 1032 cm'' to 1013 cm ''. These shifts were not observed for the 

physical mixture.

The reason for these shifts o f IR bands was explained based on the single crystal X-ray 

diffraction data previously reported for the 1:1 BAM iDBSO  cocrystal which showed 

that molecular association between BAM  and DBSO occurs through hydrogen bonding 

(Eccles et al., 2010). Generation o f the theoretical PXRD diffractogram from the single 

crystal data (Figure 2.1a) showed consistency w ith the experimental PXRD pattern o f 

the cocrystal (Figure 2.1c).
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Figure 2.3: FTIR spectra ot' a) B A M :D B S O  (1:1) physical mixture,  b) 1:1 B A M :D B S O  

cocrystai ,  c) pure DB SO  and d) pure BAM.

2 .3 .2  S o lu b i l i ty  s tu d y

T h e  s o lub i l i t i e s  for  B A M  a n d  D B S O  in w a t e r  at  37 °C  w e r e  fo u n d  to be  13 .10  ±  0 .2 0  

m g / m l  ( 1 0 8 . 1 4 x 1 0 ' ' ’ ±  1.67><i0'^ m m o l / m i )  a n d  0 .33  ±  0.01 m g / m l  ( 1 . 4 3 x | 0 ' ^  ±  

0 .03x ) ( ) ' ^  m m o l / m l ) ,  r e s p e c t i v e ly  ( T a b l e  2.1) .  T h e  a p p a r e n t  s o lub i l i ty  ( b a s e d  o n  24  

h o u r s  e q u i l i b r i u m )  o f  the  co c ry s ta l  in w a t e r  at  37  ° C  w a s  d e t e r m i n e d  b y  m e a s u r i n g  

D B S O  a n d  B A M  c o n c e n t r a t i o n s  a n d  v a lu e s  o f  3 .0 7  ±  0 . 1 8  m g / m l  ( 2 5 . 3 7 x 1 0 '^  ± 

1.48x  10'^ m m o l / m l )  for  B A M  a n d  0 .2 7  ±  0.01 m g / m l  ( 1 . 1 8x  lO"'’ ±  0 . 0 4 x  10'^ m m o l / m i )  

for  D B S O  w e r e  o b t a i n e d  ( T a b le  2.1) .  T hese  r e su l t s  s h o w  tha t  the  a p p a r e n t  so lub i l i t i e s  

o f  th e  co c ry s t a l  c o m p o n e n t s  w e r e  d e c r e a s e d  in c o m p a r i s o n  to the  so lu bi l i t i e s  o f  the pu re  

c o m p o u n d s .
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Table 2.1: Solubility/apparent solubility o f  pure compounds, co-m ixed and cocrystailised BAM 

and DBSO.

Substance Description Solubility (mg/ml) Solubility (m m ol/m l)

BAM pure material 13.10 ± 0 .2 0 l 0 8 . I 4 x |0 - ’ ± 1,67x10'^

physical m ixture 9.40 ± 0 .1 6 77.60x1 o '* ± I .36xl0 '^

cocrystal 3.07 ± 0 .1 8 25.37x1 O’’ ± 1.48x10 ’

DBSO pure material 0.33 ± 0.01 1.43 xH)-'*± 0 .0 3x10 ' '

physical m ixture 0.32 ± 0.00 1.41x10-’ ± 0 .01x10 '- ’

cocrystal 0.27 ±0 .01 1.18x1 o ’ ± 0 .0 4 x 1 0 '’

T h e  a p p a re n t  so lu b i l i t ie s  o f  D B S O  a n d  co c ry s ta i  w e re  m e a s u re d  a s  a  fu n c t io n  o f  

c o f o r m e r  ( B A M )  c o n c e n t r a t io n  in o r d e r  to  d e te rm in e  so lu t io n  c o m p le x a t io n .  

In v e s t ig a t io n  o f  so lu t io n  in te ra c t io n s  re x e a le d  tha t  the  a p p a r e n t  so lu b i l i ty  o f  D B S O  

in i t ia l ly  in c re a se d  w ith  in c re a s in g  c o n c e n t r a t io n  o f  B A M , w h e n  D B S O  w a s  the  e x c e s s  

p h ase ,  d u e  to  so lu b le  c o m p le x  fo rm a t io n  b e tw e e n  the  tw o  c o m p o u n d s  (F ig u re  2 .4) .  T h e  

s o lu b i l i ty  p ro f i le  o f  D B S O  w ith in c re a s in g  B A M  c o n c e n t r a t io n  can  b e  d e s c r ib e d  as  a 

T y p e  B p h a s e - s o lu b i l i ty  d ia g ra m  (H ig u c h i  a n d  C o n n o r s ,  1965). W h e n  th e  c o n c e n t ra t io n  

o f  B A M  w a s  in i t ia l ly  >  3 m g /m l  the  so lu b i l i ty  l im it ol' th e  c o m p le x  fo rm e d  w as  

e x c e e d e d  a n d  u n c o m p le x e d  D B S O  in so lu t io n  d id  no t  c h a n g e  s ig n i f ic a n t ly ,  as  s h o w n  b y  

th e  p la te a u  in F ig u re  2 .4 .  In th is  c o n te x t ,  th e  in c re a se  in th e  a p p a re n t  D B S O  s o lu b i l i ty  

i.e. the  a m o u n t  o f  D B S O  th a t  e n te r s  in to  so lu b le  c o m p le x  fo rm a t io n  w'as d e te rm in e d  

(H ig u c h i  a n d  C o n n o r s ,  1965). A  n e a r ly  tw o - fo ld  in c rea se  o f  th e  a p p a re n t  D B S O  

s o lu b i l i ty  in th e  p re s e n c e  o f  B A M ,  in c o m p a r i s o n  to  D B S O  s o lu b i l i ty  in w a te r  a lo n e ,  

w a s  o b se rv e d .
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Figure 2.4: Profile o f the apparent solubility o f DBSO (mg/ml) as a function o f BAM 

concentration measured after 24 hours. S„ is the DBSO concentration in absence o f BAM. The 

dashed lines confirm the behaviour o f a Type B phase solubility diagram illustrating region 

I (solution complexation), II (conversion to complex and precipitation) and III (decreased 

solubility o f precipitated complex with increasing BAM in solution).

Precipitation o f the complex was apparent on PXRD analysis o f the solid residue which 

indicated the presence o f two phases, cocrystal and DBSO. When the initial BAM 

concentration was 12 mg/ml, and therefore close to its aqueous solubility, nearly all 

solid DBSO was consumed leading to depletion o f  DBSO, followed by complex 

precipitation induccd by supersaturation o f the solution. The precipitated solid phase 

was cocrystal contaminated with DBSO (Figure 2.5).

Furthermore, a significant decrease in the apparent DBSO solubility after 24 hours in 

comparison to 12 hours was observed at 12 mg,^ml BAM  in solution. PXRD analysis o f 

the remaining solid material revealed that this decrease in solubility reflected cocrystal 

formation and subsequent precipitation, since the diffraction pattern o f the solid residue 

is superimposable on that o f the cocrystal re-crystallised from ethyl acetate (Figure 2.5).
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Figure 2.5 : PXRD patterns o f a) remaining solid {I2mg/ml BAM added) after 24 hours 

solubility study, b) remaining solid (12mg/ml BAM added) after 12 hours solubility study, c) 

1:1 BAM-.DBSO cocrystal.

The increase in the apparent solubility o f DBSO in the presence o f B A M  can be 

expressed by a complex formation (or stability) constant (Higuchi and Connors, 1965). 

For 1:1 soluble complexes, this constant is given by equation 2 .1:

where [A ] and [B] are the (molar) concentrations o f each component at equilibrium. 

Thus the increase in solubility may be quantified (equation 2.2):

=  ‘ 2.2) 1+ K i i | A | o

where [A ] i is the total concentration o f dissolved A, [A]o is the equilibrium solubility o f 

A in the absence o f  B and [B ]r  is the total added concentration o f B. Assuming that 

compound A and B are DBSO and BAM , respectively, a plot o f the total concentration 

o f DBSO in solution against the total concentration o f BAM  in solution enables the 

stability constant, K n , to be determined from the slope o f the line using equation 2.3
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(H iguchi and C onnors ,  1965) (equiva len t to data show n in F igure 2.4, best fit 0-2 

m g/mi).

K i i  =  -   (2.3)
lA )o ( l - s l ope )

A ssum ing  the fonna tion  o f  a single  so luble  com plex ,  a value o f  K n  =  55.67 ±  2 .92 M ''

w as calcu la ted  (Table 2.2).

T able 2.2; Estimated constants calculated from solubility data.

Calculation o f param eter based on
Determined
parameter

Result
Regression
coefficient

API soluhility as a function o f  ligand K,, 55.67 ± 2 .9 2  m  ' 0.83

Cocrystal solubility as a function o f  
ligand

Ksp
Kn

3.90X 10'^ ± 0.36x1 O '" M- 
30.53 ± 2 .5 4  M*'

0.95

Transition concentration K.p 10.50x10'^ ± 0 .0 1 x 1 0  - M- —

In s tud ies w here  the cocrystal w as  the excess  phase, a different so lubility  profile w as 

observed . A lthough the apparent D B S O  solubility  increased initially with increasing 

BAM  concentra tion , a significant con tinuous  decrease  in D B S O  concentra tion  

assoc ia ted  with precipita tion o f  the cocrystal,  con f irm ed  by P X R D  and D SC  (A ppend ix  

I, F igure A. 1.1 and A. 1.2), as the sole rem ain ing  so lid  phase w as observed  at initial 

BAM  concen tra tions o f  >  6 m g/ml B A M  (F igure  2.6). T he data suggests  that the 

so luble  com plex  reached a so lubility  limit w hen  the initial BA M  concentra tion  w as >  3 

m g/m l B A M  (F igure  2.6).
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Q .
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0.0

Initial BAM concentration (mg/ml)

Figure 2.6 : Solubility profile o f  DBSO after 24 hours where cocrystal is the excess phase in

dependency o f  BAM. S„ represents the DBSO concentration in the absence o f  BAM.

A d y n am ic  so lubili ty  profile, ob ta ined  on a sam ple  con ta in ing  initially 6 m g/m i BAM  

and e.xcess o f  the cocrysta l ,  is show n in F igure 2.7. It is ev ident that, after 24 hours a 

m ax im u m  apparent D B S O  solubili ty  w as reached  fo llowed by a s ign ificant decrease  in 

[ )B S O  concentra tion . A nalysis  o f  the solid res idue for the >  24 hours tim e points 

ind icated  the p resence  o f  only  the cocrystal phase. T h u s  the decrease  in D B S O  

concen tra t ion  w as assoc ia ted  with  cocrystal precip ita tion .
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Figure 2.7: Dynamic solubility profile of DBSO from cocrystai in presence of 6 mg/ml BAM 

over 72 hours.

To describe the solubility o f  binary cocryslals considering the equilibrium between 

cocrystai and cocrystai components in solution, equations have been developed by 

Nehm et al. (2006). Complex formation in solution o f  a 1:1 stoichiometric cocrystal is 

described by two constants (Nehm et al., 2006); firstly the cocrystal solubility product, 

Ksp (equation 2.4), which reflects the strength o f  cocrystal solid state interactions o f  

component A and component B relative to interactions with the solvent, where [A] and 

[B] are the molar concentrations o f  each cocrystal component at equilibrium, and the 

superscripts, a and p, refer to the stoichiometric num ber o f  molecules o f  A and B in the 

complex (Nehm et al., 2006) and secondly the binding constant for a 1:1 complex 

formed in solution, K n , as described by equation 2.5 or 2.1.

Ki i  -
[ AB |  [ A B |

1 A| [ B |  Ks p

(2.4)

(2.5)
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Equation 2.4 elucidates that the cocrystal solubility (represented by the solubility 

product, Ksp) is dependent on both components. Consequently, increasing amounts o f  

one o f  the components will result in a decrease o f  the other component. Thus, the 

observed decrease in the apparent DBSO concentration with increasing BAM 

concentration as shown in Figure 2.6 can be explained by the solubility product o f  the 

cocrystal.

Combining equations 2.4 and 2.5 leads to equation 2.6 (Nehm et al., 2006), where 

cocrystal solubility can be expressed in terms o f  the total ligand concentration [B] i ;

[A]t =  KnKsp (2.6)

Therefore a plot o f  [A] r versus l /[B ]r  enables Ksp and Kn to be determined from the 

slope and the intercept, provided that no higher order complexes are formed in solution 

(Nehm et al., 2006). For the 1:1 BA M iDBSO cocrystal, a solubility product o f  Ksp = 

3 .90x |0 '^  ± 0 .36xl0 '^  M “ (a graphical representation is shov\n in Figure 2.8 by the 

curved line) and a solution complexation constant o f  K n = 30.53 ± 2.54 M"' were 

estimated (Table 2.2). The K n in this case was quite high compared to previously 

reported values for cocrystals (Nehm et al., 2006) (Table 2.2) as a result o f  the 

com pound’s low solubility (K n  is inversely related to Ksp). Strong solute-solute 

interactions in water at 37 °C are expected, which is retlected in the high stability o f  the 

complex in solution (Good and Rodriguez-Hom edo, 2009).

In order to control crystallisation o f  cocrystals in solution, predict phase transformations 

and therefore determine the thermodynamic stability o f  individual cocrystal systems, 

another parameter, the so-called transition concentration or eutectic concentration, Ctr, 

at which two phases (cocrystal-drug or cocrystal-coformer) coexist in equilibrium with 

the solution was shown to be relevant (Good and Rodn'guez-Homedo, 2009). In 

particular o f  importance is the cocrystal-drug transition concentration since the drug is 

often the less soluble com ponent compared to the coformer. The transition 

concentration can also be used to determine the cocrystal solubility or more specifically 

the solubility product. In particular for incongruently saturating cocrystals, which are 

thermodynamically unstable and thus equilibrium solubility is difficult to measure, the 

transition concentration was found to be a good estimate o f  the cocrystal solubility 

(Good and Rodriguez-Hornedo, 2009).
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B a s e d  on th e  so lu b i l i ty  o b ta in e d  for  th e  1:1 B A M : D f i S O  c o c ry s ta l ,  th e  m o la r  ra t io  o f  

B A M  to  D B S O  in so lu t io n  w a s  fo u n d  to  be  1 :0 .05 in d ic a t in g  tha t  th e  s y s te m  is 

i n c o n g ru e n t ly  sa tu ra t in g .  T h is  w a s  g r a p h ic a l ly  fu r th e r  e lu c id a te d .  A s  s h o w n  in F ig u re  

2 .8  th e  d a s h e d  l ine  re p re se n ts  s to ic h io m e t r ic  c o n c e n t r a t io n s  o f  c o c ry s ta l  c o m p o n e n t s  

a s s u m in g  th a t  th e  1:1 B A M i D B S O  c o c ry s ta l  is c o n g ru e n t ly  s a tu ra t in g ,  a n d  its 

in te rse c t io n  w i th  th e  co c ry s ta l  e q u i l ib r iu m  c u rv e  in d ic a te s  th e  th eo re t ica l  m a x im u m  

d ru g  c o n c e n t ra t io n  a t t r ib u te d  to c o c ry s ta l  s o lu b i l i ty  (G o o d  a n d  R o d n 'g u e z -H o rn e d o ,  

2 0 0 9 ) .  In th e  c a se  o f  in c o n g ru e n t ly  s a tu ra t in g  c o c ry s ta l s  th is  in te rse c t io n  lies  a b o v e  the  

s o lu b i l i ty  o f  th e  p u re  d ru g  (G o o d  a n d  R o d r ig u e z - H o r n e d o ,  2 0 0 9 )  as c o n f i rm e d  fo r  the  

B A M i D B S O  co c ry s ta l  a n d  im p l ie s  th a t  th e  co c ry s ta l  sh o u ld  be m o re  so lu b le  th a n  the  

d ru g .  T h is  th eo re t ica l  in c re a se  in D B S O  s o lu b i l i ty  w a s  c a lc u la te d  to  b e  a p p r o x im a te ly  

4 - fo ld  for  th e  B A M i D B S O  co c ry s ta l  c o m p a r e d  to  th e  s o lu b i l i ty  o f  p u re  D B S O .

0.010

0.008  -

£  0.006  ■

0.004  -

S  0.002  ■

0.000
0.120.00 0.02 0.04 0.06 0.08 0.10

T otal BAM c o n c e n tra tio n  (mmol/ml)

F ig u re  2.8: Phase solubility diagram o f  1:1 B A M iD B S O  cocrystal (CC). The horizontal line 

marks the solubility o f  pure DBSO, the curved line represents the cocrystal solubility curve 

determ ined by equation 2.4, the dotted line represents the solubility limit o f  complex as 

determ ined from the plot presented in Figure 2.4, the filled diam onds mark the experimental 

cocrystal solubility values (B A M  dependent), the dashed  line represents stoichiometric 

concentrations o f  cocrystal com ponents  that dissolution could follow in ideal case, the filled 

circle symbolizes the transition concentration (D B SO /C C ) and the cross illustrates the 

experimental obtained transition concentration (D BSO /CC).
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The determination o f  the transition concentration (Ctr) revealed values o f  4 l .3 7 x |0  

I.20xl0'^ mmol/ml for BAM and 2.54x10'^ ± O.lOxlO"'’ mmol/rnl for DBSO at the 

eutectic composition o f  cocrystal/DBSO (confirmed by PXRD and DSC analysis -  

shown in Appendix 1, Figure A. 1.3 and A. 1.4) and is presented in Figure 2.8 (cross 

symbol). From these concentrations, a cocrystal solubility product with a value o f  

10.50x10'^ ± 0.01x10'^ (Table 2.2) was calculated and the molar ratio o f  

BAM:DBSO at C^ o f  1:0.06 was found, which is similar to the molar BAM;DBSO 

solubility ratio measured for the pure cocrystal. A comparison o f  the Ksp values 

obtained from transition concentrations and calculated from equilibrium cocrystal 

solubility revealed that the former is a two-fold higher (Table 2.2). The difference in 

K-sp values can be explained by solution complexation as solubility products based on 

transition concentrations do not account for solution complexation o f  cocrystal 

components (Good and Rodriguez-Hornedo, 2009).

As illustrated in Figure 2.8, the DBSO transition concentration was shifted towards the 

DBSO solubility induced by solution complexation (dotted line. Figure 2.8). It can be 

concluded that the solubility (represented by the solubility product) based on transition 

concentrations will be overestimated for the 1:1 BAM:DBSO cocrystal.

2.3.3 Ternary phase diagram

A three-component phase diagram (triangular phase diagram) of the 

benzamide:dibenzyl sulfoxide cocrystal in water at 37 °C was constructed, based on 

methods previously described (Ainouz et al., 2009; Chiarella et al., 2007; Nehm et al., 

2006), and is shown in Figure 2.9. The cocrystal solution equilibrium is described by

K a p p  =  XX * x P  (2.7)

where Kapp is the apparent constant and X% and Xg are the molar fractions o f  the API 

and coformer in stoichiometric ratio, respectively (Ainouz et al., 2009). Plotting Xa 

versus I/Xb allows Kapp to be calculated from the slope o f  the line and Kapp is therefore 

regarded as equivalent to Ksp (see equation 2.4) determined from the component 

concentrations as previously described.
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Water

0.002
0.998

BAMDBSO

Figure 2.9; Zoom and downscaled view o f  ternary phase diagram o f  I ;1 BAM.DBSO cocrystal 

in water at 37 °C (in mole fractions).

F igure  2 .10  illustrates the X,,\ versus 1/X d re la tionsh ip  for 1:1 B A M .D I^S O  cocrystal 

lead ing  to a Kypp o f  1.38x10'**. This  value w as th en  used to m odel the cocrystal 

equ il ib rium  line as seen in F igure 2.9.
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Figure 2.10: DEiSO in equilibrium with cocrystal as a function o f  the inverse total BAM 

concentration at 37 °C (in molar fractions).

T he D B S O -liqu id  equ ilib r ium  line and B A M -liqu id  equilib rium  line, respectively , are 

illustra ted  based  on the m olar  fractions o f  the respective  b inary  so lubilit ies  (F igure  2.9). 

T he  n u m b ers  ( 1 -6 )  describe  the reg ion  o f  the appropria te  stable solid  phase(s)  and  the 

black lines illustrate the so l id - l iqu id  equ ilib rium  curves. T he curved  line d isp lays the 

so lid-l iqu id  equ ilib rium  o f  the cocrystal (C C ) and  the points, labelled by a c ross  (x), are 

experim enta l  data  points. T h e  fo llow ing  solid phases w ere  found  to be stable in the 

m arked  zones: pure  D B S O  in zone I, D B S O  and cocrystal in zo n e  2, cocrystal in zone 

3, B A M  and  cocrystal in zo n e  4 and pure  B A M  in zone  5, respectively. Z o n e  6 is the 

undersa tu ra ted  solution  phase  w h ere  all three co m p o u n d s  are present and point I and  J 

sy m b o lise  the eutectic  m ix tu res  o f  D B S O /C C  and  B A M /C C , respectively.

T h e  asy m m etr ic  shape  o f  the d iffe ren t zones is consis ten t with the incongruent 

so lub ili ty  behav iou r  o f  the  1.1 B A M ;D B S O  cocrystal s ince  the h o m o g en o u s  liquid 

phase  (zone 6) and  cocrystal phase  (zone 3) are very  small and  shifted  to the right o f  the 

d iag ram  (A in o u z  et al., 2009). Even though the solubilities  o f  B A M  and D B S O  in w ate r  

are  low and  zone 3 very  asym m etr ic ,  it is still poss ib le  to isolate the cocrystal from 

w ater,  consis ten t w ith  the experim enta l  observations.
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From these results, showing incongruent apparent solubility o f  the 1:1 BAM;DBSO 

cocrystal in water at 37 °C, it is expected that BAM  and DBSO from the cocrystai w ill 

dissolve incongruently.

2.3.4 Dissolution rate studies

Intrinsic dissolution profiles from compacts o f the 1:1 BAM ;DBSO cocrystal and an 

equimolar physical mixture o f DBSO and BAM  as well as the pure compounds in water 

at 37 °C are shown in Figure 2.11. BAM  dissolved much more rapidly than DBSO, 

consistent w ith the solubility differences. BAM  dissolution from the equimolar physical 

m ix was in itia lly  more rapid than from the cocrystal and both profiles were nonlinear, 

the rates declining over time. Based on the initial dissolution rate, pure BAM  dissolved 

approximately 7 times faster than when physically mixed w ith DBSO and 

approximately 12 times faster than BAM  from the cocrystal. Furthermore the 

dissolution rates o f BAM  from the cocrystal and the physical mixture appeared to 

converge (Table 2.3, lim iting rate). In contrast, DBSO profiles were linear and gave 

similar intrinsic dissolution rates (R ">  0.96) in all cases (Table 2.3).
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Figure 2.11: Dissolution profiles o f a) BAM , b) BAM from a physical mixture, c) BAM from 

the cocrystal, d) DBSO from a physical mixture, e) DBSO from the cocrystal and f) DBSO. The 

dashed line refers to the square-root o f time fit. The inset shows a zoomed view o f the 

dissolution profiles o f d), e) and f).
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Table 2.3: Dissolution rates (m m ol/m in /cm ')  o f  pure BAM and pure, co-m ixed and

cocrystallised DBSO.

Substance Description IDR (mmol/min/cm^)

BAM pure material
3 9 .5 0 x )0 '^ ±  6.83x10-'' '’’ 
8.75x10'^ ± 0 .1 5 x 1 0  '’*”

physical m ixture
5 . 7 4 x |0 '^ ± 0 . 6 4 x |0 '^ ‘"*
5 .6 5 x l0 ”* ± 0 .0 8 x l0 -* '”*

cocrystal
3 .19x10 ’ ± 0 .09x10 '^“’* 
4.91 x lO '- ' i  0 .27x10-“ "*

DBSO pure material 2.1 IxlO"^ ± 0 .2 7 x 1  O'*

physical m ixture 2.18x1 O ’* ± 0 .05x10- '**

cocrystal 2.17x1 O '* ± 0 .0 9 x 1  O '* **

a) initial dissolution rate h) lim iting dissolution rate

*  significantly different (p < 0.05) to pure BAM  and to cocrystal or physical mixture

*  *  not significantly different Ip > 0.05) to pure DBSO and to cocrystal or physical mixture

The dissolution from the physical mix compact was qualitatively consistent with that 

expected for dissolving polyphase mixtures (Higuchi et al., 1965) when the more 

soluble component dissolves more rapidly from the surface o f  a compact, leaving a 

porous layer o f  the less soluble component behind.

Energy-dispersive X-ray (EDX ) analysis was used to determine the elemental 

composition o f  the sample surfaces and revealed that the surface o f  the cocrystal and 

the equimolar physical mixture contained a similar amount o f  sulfur after the 90 min 

dissolution experiments. The same was observed before dissolution, however, the sulfur 

content was significantly lower compared to that after dissolution (Table 2.4). 

Furthermore, both samples after dissolution showed sulfur contents which were nearly 

equal to that detected for pure DBSO disks. The percentage o f  sulfur is calculated 

relative to the amount o f  carbon and thus, the sulfur content is expected to be lower 

when both organic components, BAM and DBSO, are present at the surface, as is the 

case prior to dissolution. The faster dissolution o f  the more soluble BAM leaving the 

less soluble DBSO at the surface results in higher sulfur content on the surface o f  the 

disk, as conflnned by the EDX results (Table 2.4). The absence o f  BAM at the disk 

surface o f  the physical mixture and the cocrystal after dissolution was also verified by 

ATR-FTIR analysis (Appendix 1, Figure A. 1.5).
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Additionally , backscattered  e lec tronic  im ages d isp layed  d iffe rences  in the surface 

structure betw een  the cocrystal and physical m ix tu re  (F igure 2.12). T h e  physical 

m ixture show ed  an inhom ogeneous  co m p ac t  surface  with  ran d o m ly  posit ioned  voids  in 

the surface after dissolution , a ttributed  to the d isso lu tion  o f  B A M . In contrast,  the 

cocrystal d isp layed  a ra ther h o m o g en o u s  surface and after d isso lu tion  an o rdered  

surface structure, p resum ed  to be as a result o f  B A M  release (F igure  2.12 a -d ) .  T hese  

results w ere  consis ten t w ith  the SEM  im ages using  a secondary  e lec tron  de tec to r  and a 

5 to 50 tim es h igher m agnifica tion  (F igure  2.12 e -h ) .

Table 2.4: Sulfur content found on the compact surface, before and after dissolution, by 

energy-dispersive X-ray (EDX) analysis.

Sample Sulfur content (% , wt.)

DBSO
a) before dissolution 14.21 ± 0.1 1
b) after dissolution 13.70 ± 0.37

Physical mixture
a) before dissolution 10.30 ± 0.01
b) after dissolution 13.30 ± 0.26

Cocrystai
a) before dissolution 10.20 ± 0.09
b) after dissolution 13.21 ± 0.25
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Figure 2.12: Backscattered electron images o f  solid compacts of  a) BAM:DBSO (1:1) physical 

mixture before dissolution, b) BAM:DBSO (1:1) physical mixture after dissolution, c) 1:1 

BAM:DBSO cocrystal before dissolution and d) 1;1 BAM.DBSO cocrystal after dissolution 

and secondary electron images o f e )  BAM;DBSO (1:1) physical mixture before dissolution, f) 

BAM:DBSO (1:1) physical mixture after dissolution, g) 1:1 BAM:DBSO cocrystal before 

dissolution and h) 1:1 BAM:DBSO cocrystal after dissolution.

C a lcu la ted  d isso lu tion  rates for p o ly p h ase  m ix tu res  u nder  s teady  state conditions  

require  that the so lubilities  o f  A and  do  not d iffe r  by  m ore  than a factor o f  abou t 100 

for the case  o f  a co m p ac t  th ickness  o f  the o rder  o f  m ill im etres  (H iguchi,  1967). .Since 

the  so lub ili ty  ratio  o f  B A M /D B S O  (in m m o l/m l)  is large with  a value o f  ap p rox im a te ly  

75, and  the m ore so luble  B A M  is p resent w ith  a low er w e igh t  fraction (34  % ), it w as  

expected  that the s teady  state a ssu m p tio n s  w ere  not app licab le  (H iguchi et al., 1965) 

and  consequen tly ,  so lu te  release for the m ore  so lub le  co m p o n en t  is better described  as 

from  an inert m atrix  system  (H iguch i,  1967), w here  the m ore  so luble  co m p o n en t  

d isso lves  th rough  a m atrix  o f  the less so luble  com ponen t .  T he  B A M  release w as  found 

to be d iffusion  contro lled  and  direc tly  proportional to the square  root o f  t im e (R “ >  0 .99) 

(H iguch i 1963) (F igure  2.11).

F rom  these  d isso lu tion  results  it can  be co n c lu d ed  that the d isso lu tion  o f  the less so lub le  

D B S O , e i ther  w hen  physica lly  m ixed  o r  in the cocrys ta ll ised  form  is not enhanced .  T he 

so lub il i ty  and  disso lu tion  o f  B A M  is found to be contro lled  by, and suppressed  in the 

p resen ce  of, D B SO .
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2.4 Conclusions

Solubility studies on the 1:1 BA M :D BSO cocrystal have demonstrated that the 

solubility o f  the cocrystal is a function o f  the coformer, BAM concentration in water 

and decreases with increasing BAM concentration. The cocrystal solubility involved 

solution complexation which resulted in an increase o f  the solubility o f  the poorly water 

soluble DBSO compared to DBSO alone. A relatively high complexation constant, 

indicative for strong solute-solute interactions was determined. Phase-solubility studies 

o f  DBSO as a function o f  BAM have confirmed the presence o f  solution complexation 

and could be described by a Type B phase-solubility diagram.

Cocrystal solubility estimation based on transition concentrations was found to be 

inaccurate by overestimating the solubility as a result o f  solution complexation. A 

graphical presentation has elucidated these findings by a shift o f  the transition 

concentration (Cir) towards higher DBSO concentrations in the cocrystal phase diagram. 

Moreover, it was found that the 1:1 BA M :D BSO cocrystal is incongruently saturating 

and thus thermodynamically unstable which was evidenced by the asymmetric phase 

behaviour o f  the ternary phase diagram.

hivestigation o f  the intrinsic dissolution rate confirmed, as expected from the solubility 

tests, that BAM and DBSO dissolved incongruently. The dissolution o f  the cocrystal 

was not enhanced in comparison to an equimolar physical mixture and the pure 

components.

The coformer compound, BAM, dissolved initially faster when mixed than when 

cocrystallised with DBSO, which is assumed to be due to stronger solid state attractive 

forces between the amino and sulfoxide group in the form o f  hydrogen bonds on the 

surface o f  the compact for the cocrystal. However, for both forms, cocrystal and 

physical mixture, it was found that the surface o f  the compacts contained only DBSO 

after dissolution.

Based on dissolution models for compressed physical mixtures, it was apparent that 

steady-state conditions were not reached in the dissolution experiment as a result o f  the 

large solubility difference between BAM and DBSO in water. Furthermore, it could be 

demonstrated that DBSO controls and retards dissolution o f  BAM and becomes the 

phase remaining at the surface independent o f  the initial solid state form.

Consequently, the more soluble BAM is not a suitable cocrystal component to improve 

the dissolution o f  the poorly soluble DBSO. Complexation may be a factor that can 

have a different impact on solubility and dissolution and is therefore important to
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m easure. T o  op tim ise  solubility  and d isso lu tion  o f  the API from a cocrystal a 

co m p ro m ise  be tw een  solid state, so lu te-so iu te  and  solute-so lu tion  stability needs to be 

found.
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Chapter 3; Co-grinding and co-spray drying

3, 1 Introduction

Several production methods have been reported for a num ber o f  cocrystals with 

different coformers (Childs et al., 2004; Trask et al., 2005; W enger and Bernstein, 

2008; Padrela et al., 2009; Lu and Rohani, 2009; Alhalaweh and Velaga, 2010). Next to 

the com m on industrial crystallisation techniques such as solvent evaporation and 

cooling crystallisation, grinding techniques in dry and liquid-assisted forms have also 

been used successfully in the formation o f  cocrystals (Etter et al., 1993; Caira et al., 

1995; Kuroda et al., 2002; Trask et al., 2004; Friscic et al., 2006; Braga et al., 2006; 

Chadwick et al., 2007). One o f  the main advantages o f  grinding compared to the solvent 

evaporation method is that products can be obtained in a short time o f  processing (Caira 

et al., 1995; Trask et al., 2005; W enger and Bernstein, 2008). Variable grinding times 

are usually selected, with many cocrystals being found to form in less than one hour, 

sometimes in only a few minutes (Caira et al., 1995; T rask and Jones, 2005a). Grinding 

also provides higher yields with often favourable small particle size. Moreover, for a 

number o f  cases, solid state grinding appeared to be more efficient in cocrystal 

formation compared to solution crystallisation (Lynch et al., 1991; Trask and Jones, 

2005b). A modified grinding method which has been used to generate cocrystals is 

liquid-assisted grinding, where a small quantity o f  solvent is added to the solid prior to 

processing. This method has been shown to enhance the kinetics o f  grinding 

cocrystallisation, resulting in a higher yield, higher crystallinity o f  the product and 

providing the possibility o f  controlling polymorph fonnation by selection o f  the 

grinding liquid (Trask et al., 2004; Trask et al., 2005; Friscic et al., 2006).

As a novel approach in the formation o f  cocrystals, spray drying, a well established 

scale-up technique has been proposed by Alhalaweh and Velaga (2010). The authors 

found that in contrast to slurry or reaction crystallisation methods pure cocrystals can be 

formed by spray drying. The mechanism is not fully understood but it is suggested that 

cocrystal formation by spray drying could be kinetically controlled and/or mediated by 

the am orphous state (Alhalaweh and Velaga, 2010). Cocrystal formation induced by an 

am orphous phase has also been reported using solid state grinding (Jayasankar et al., 

2006). M ore studies on cocrystal formation via spray drying might lead to a better 

understanding and may draw further conclusions for scale-up processing, 

in one o f  the early works on cocrystals, Caira (1992) reported on the formation o f  a 

solid m olecular complex (at that time the term “cocrystal” was not defined) composed 

o f  one molecule o f  sulfadimidine (SD) and one molecule o f  4-aminosalicylic acid (4-
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ASA) by the solvent evaporation method. As other methods in the formation o f  the 

SD;4-ASA cocrystal have not been reported, one o f  the main objectives in this study 

was to investigate cocrystal formation between SD and 4-ASA by solid state grinding, 

in the form o f  dry and liquid-assisted milling and by spray drying.

In the previous Chapter, the solubility and dissolution behaviour o f  a cocrystal 

composed o f  a non-ionic, low water-soluble model API, DBSO, was demonstrated. SD 

and 4-ASA are APIs used in the treatment o f  bacterial diseases. They show poor 

aqueous solubility and both have amphoteric properties (more details about the 

components have been described in Chapter I and further in Appendix 5, Table A .5 .1). 

For some cocrystals composed o f  ionisable components the solubility has been 

described and predicted by the use o f  mathematical models (Bethune et al., 2009). So 

far, no example has been shown for the case o f  a cocrystal composed o f  two amphoteric 

components. Therefore, the second main objective was to examine the solubility and 

dissolution behaviour o f  the amphoteric SD:4-ASA 1:1 cocrystal.

3. 2 Materials and Methods  

3.2.1 Materials

Sulfadimidine (SD) and 4-aminosalicylic acid (4-ASA) were purchased from Sigma- 

Aldrich (Ireland). Ethanol was supplied from Corcoran Chemicals (Ireland). Methanol, 

HPLC grade, was purchased from Fisher Scientific (Ireland), potassium hydrogen 

phosphate was obtained from Sigma-Aldrich (Ireland) and phosphoric acid from Merck 

(Germany). Polyvinylpyrrolidone (PVP 10) was purchased from Sigma-Aldrich 

(Ireland). Water, analytical and FIPLC grade, was prepared from an Elix 3 connected to 

a Synergy UV system (Millipore, UK). All other chemicals purchased from commercial 

suppliers were o f  analytical grade.

3.2.2 M ethods

3.2.2.1 M illing (dry and liquid-assisted)

Dry and liquid-assisted co-milling was carried out for different molar ratios o f  SD;4- 

ASA (1:2, 1:1, 2:1) in a Retsch PM 100 planetary ball mill (Germany) using three 

stainless steel balls in each milling ja r  (50 ml). A maximum  o f  2.5 g o f  sample mass 

was used. In the case o f  liquid-assisted milling, five drops o f  ethanol were added to the 

solid mix prior to milling using a 3.5 ml disposable transfer pipette (Fisher Scientific). 

The milling was carried out at room temperature for 15, 30 and 45 minutes at a rotation
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speed o f  400 rpm. For the milling time o f  45 minutes, the milling process was stopped 

after 30 minutes for 10 minutes in order to avoid high temperature in the ja r  and thus 

the risk o f  melting/decomposition o f  the compounds.

3.2.2.2 Spray drying (SPD)

Spray drying was performed using a Biichi B-290 Mini Spray Dryer connected to a 

compressor (HaughTM  SD 45EZ ASY) operating in the open-mode. Solution 

concentrations o f  1 % (w/v) o f  SD;4-ASA in 1:2, 1:1 and 2:1 molar ratio were prepared 

using ethanol. The solutions were delivered to a 2-tluid atomization nozzle using a 

peristaltic pump at a pump speed o f  30 % (9 -1 0  ml/min) and the aspirator was operated 

at 100%. The flowmeter for the standard 2-tluid nozzle was set at 4 cm which is 

equivalent to 473 Normlitres per hour (Nl/h) o f  gas How in normal conditions 

(p=IOI3.25 mbar and T=273.15 K) (Biichi Labortechnik, 93001). The inlet temperature 

was fixed at 78 °C and the appropriate outlet temperature varied between 50-57  °C.

3.2.2.3 Powder X-ray diffraction (PXRD)

as described in Chapter 2

3.2.2.4 Thermal analysis

as described in Chapter 2

3.2.2.5 Elemental analysis (EA)

The analysis was performed by Ann Connolly (School o f  Chemistry & Chemical 

Biology, University College Dublin, Dublin, Ireland). Elemental analysis was carried 

out using an Exeter Analytical CE440 CHN analyser. The molar amount o f  carbon as 

carbon dioxide, nitrogen, as nitrogen oxide and hydrogen as water, was determined by 

oxidation o f  the sample (n=3, around 10 mg) and the thermal conductivity analysis o f  

obtained gases and water vapour.

3.2.2.6 Attenuated Total Reflection - Fourier Transform  Infra-red (ATR-FTIR)  

Spectroscopy

as described in Chapter 2
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3.2.2.7 Solid state Nuclear M agnetic Resonance (ssNM R) spectroscopy

T he  ana lys is  w as perfo rm ed  by P anag io tis  M anesio tis  (Pharm aceu tica l  and  M olecu la r  

B io tech n o lo g y  R esearch  C entre ,  W ate rfo rd  Institute o f  T ech n o lo g y ,  W aterford , 

Ireland). All m easu rem en ts  w ere  p e r fo rm ed  using  a b roadband  3.2 m m  solid  state N M R  

probe and  a 400  M H z JE O L  E C X 4 0 0  spec trom eter.  S am ple  w e re  p repared  by  pack ing  

an ad eq u a te  am o u n t  o f  each sam ple ,  as received , into 3.2 m m  Silicon n itride  (S i 3 N 4 ) 

solid  s tate  N M R  rotors. T he  sam p le  sp inn ing  rate w as set to 10 kHz. '^C N M R  spectra  

(100  scans) w ere  recorded  using  the C P M A S  (C ross  Polarisation  -  M agic  A ng le  

Sp inn ing )  pulse sequence. Prior to each  spec trum , the co rrespond ing  T |  cons tan t  (spin- 

lattice re laxation) w as m easured  using  the sa tura tion  recovery  pulse sequence.

3.2.2.8 Solubility studies

3.2.2.8.1 Equilibrium /Apparent solubility

T h e  so lub ili ty  w as determ ined  using  a 2 4 -h o u r  (for SD ) and 1-hour (for 4 -A S A ) shake 

flask m ethod  (used prev iously  for m an y  co m p o u n d s)  (W erm uth ,  2008). T herefore , an 

excess  o f  solid (app rox im a te ly  2 - 3  t im es the am o u n t  expected  to ach ieve  saturation 

so lubili ty )  w as  added  to 10 ml o f  w a te r  in g lass am pou les ,  w hich  w ere  then heat sealed 

and  p laced  horizon ta lly  in a the rm osta ted  w aterbath  at 37 °C and shaken  at 100 cpm. 

T he  superna tan t  w as  filtered using  0.45 |um m em b ran e  filters (P V D F  - C ro n u s® ) and 

ana lysed  for sam ple  concen tra tion  by H PL C . T he  rem ain ing  solid  phase  w as 

cha rac te r ised  by P X R D . T he expe rim en ts  w ere  perfo rm ed  in triplicate. T he  

equ il ib ra t ion  t im e in the case o f  4 -A S A  w as  se lec ted  based  on p rev ious ly  reported  w ork  

by F orbes  et al. (1995) w hich  sh o w ed  that  due to  degradation  o f  4 -A S A  in so lu tion , an 

equ ilib ra tion  tim e o f  I hour is app ropria te  to m easu re  its apparen t so lubility  (“ ap p aren t” 

is a ttr ibu ted  to the non-equ ilib rium  conditions).

3.2.2.8.2 Phase-solubility studies

In o rd e r  to ex am in e  com plexa tion  betw een  the co m p o u n d s ,  excess  (ap p rox im a te ly  2 -3  

t im es  the am oun t expected  to ach ieve  sa tura tion  solubility) o f  solid  SD w as  added  to 10 

ml aq u eo u s  solution a liquots con ta in ing  diffe ren t concen tra tions  (0 .0 0 0 6 5 -0 .0 2  M) o f  

4 -A S A  in glass  am poules ,  w h ich  w ere  heat sealed. T he  am p o u les  w ere  p laced  

h o r izo n ta lly  in a th en n o s ta ted  w aterbath  at 37 °C and  shaken  at 100 cpm  for 1 hour. 

T h e  superna tan t  was filtered using  0.45 p m  m em b ran e  filters (P V D F  - C ro n u s® ) and

50



Chapter 3: Co-grinding and co-spray drying

analysed for sample concentration by HPLC. The remaining solid phase was 

characterised by PXRD. The study was performed in triplicate.

3.2.2.8.3 Transition concentration (C,r) measurement

The cocrystal transition concentration (Cir) was determined as described by Good and 

Rodriguez-Hornedo (2009). Therefore, excess cocrystal was added to a presaturated 

aqueous SD solution and the suspension was stirred for 1 hour at 37 °C. After I hour, 

an aliquot o f  the solid residue was withdrawn and analysed by PX RD for phase 

identification. When the solid phase indicated a mixed phase composed o f  cocrystal and 

SD, the supernatant was withdrawn, filtered through 0.45 ).im membrane filters (PVDF - 

Cronus®) and component concentrations were analysed by HPLC. The pH o f  the 

supernatant was also measured. The experiments were performed in triplicate.

3.2.2.8.4 pH -dependent solubility

The cocrystal solubility was determined at different pH values by the addition o f  small 

volumes o f  IM HCl and IM NaOH using the shake-tlask method under conditions as 

described above. Solid phases and solution concentrations were analysed after 1 hour 

equilibration and the pH was measured. The solid was characterised by PX R[) and the 

concentration o f  the supernatant was analysed by HPLC after filtration through 0.45 |.tm 

membrane filters (PVDF - Cronus®). The experiments were performed in triplicate.

3.2.2.8.5 Dynamic solubility studies

Dynamic solubilities were determined in a jacketed glass vessel (50 ml) connected to a 

pump and a waterbath, sitting on a magnetic stirrer. Excess amount o f  solid was added 

to 30 ml o f  solvent (water and/or 0.1% (w/v) PVP solution) and the solution was stirred 

at a temperature o f  37 °C for up to 1 hour. Samples o f  2 mi were withdrawn at 

appropriate intervals, filtered through 0.45 |iim membrane filters (PVDF - Cronus®) and 

analysed for sample content by HPLC. At each time point an aliquot o f  the solid phase 

was withdrawn, dried at ambient temperature and examined by PXRD. The experiments 

were performed in triplicate.

3.2.2.9 Intrinsic dissolution studies

The studies were performed as described in Chapter 2. The compacts were compressed 

at a pressure o f  8 tonnes for 20 seconds up to 1.5 minutes depending on the type o f
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sample and to ensure no capping (details are attached in Appendix 2, Table A .2.1). The 

study was performed in triplicate for a maximum time o f  60 minutes. The compacts 

were recovered, dried under nitrogen purge and the surface was analysed by PXRD, 

A T R -F T lR a n d S E M .

3.2.2.10 Viscosity measurement

Viscosity o f  a 0.1% (w/v) aqueous PVP solution and water was determined at 37 °C 

using a Vibro viscometer SV-10 (A & D Co. Ltd., Japan). The liquids were transferred 

to the provided cup and the sensor plates were immersed as required for the 

measurement. The instrument was calibrated using water. The measurement was 

performed in triplicate.

3.2.2.11 High Performance Liquid Chrom atography (HPLC)

Concentrations o f  SD and 4-ASA in solutions were determined using a Shimadzu 

HPLC Class VP series with a LC-IOAT VP pump, SIL-IOAD VP autosampler and 

SCL-IOVP system controller. The mobile phase was vacuum Ultered through a 0.45 pm 

mem brane filter (Gelman Supor-450). Separation was performed on a Phenomenex 

Inertsil ODS (3) C 18 column ( 150 mm length, diameter 4.6 mm, particle size 5 ^m ) at a 

UV detection wavelength o f  260 nm with an injection volume o f  10 f.iL. The mobile 

phase consisted o f  methanol/buffer pH 6.5 40/60 (v/v). The buffer was prepared from a 

50 mM potassium hydrogen phosphate solution adjusted to pH 6.5 with 100 mM 

phosphoric acid. The elution was carried out isocratically at ambient temperature with a 

flow rate o f  I ml/min. For peak evaluation Class-VP 6.10 software was used. The 

calibration curves were linear for both components between 0 .5 -100  |ag/ml (R ‘ > 

0.998). Based on the ICH guidelines (ICH, 1996), for SD the calculated LOD was 0.6 

fig/ml and the LOQ was 1.8 |ig/ml. For 4-ASA the LOD was 1.3 [ig/ml and the LOQ 

was 4.2 pg/ml.

3.2.2.12 Scanning electron microscopy (SEM )

Surface images o f  powder compacts before and after intrinsic dissolution studies were 

performed at various magnifications by SEM using a Zeiss Supra Variable Pressure 

Field Emission Scanning Electron Microscope (Germany) equipped with a secondary 

electron detector at a resolution o f  1.5 nm at 15 kV. Powder compacts were glued onto 

alum inium  stubs and sputter-coated with gold under vacuum prior to analysis.
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3.2.2.13 Stability studies

3 .2 .2 .13 .1 Dynamic Vapor Sorption (DV'S)

The analysis was performed by Krzysztof Paiuch (School o f  Pharmacy & 

Pharmaceutical Sciences, Trinity College Dublin, Dublin, Ireland). Vapour soiption 

experiments were carried out on a DVS A dvantage-1 automated gravimetric vapour 

sorption analyser (Surface Measurement Systems Ltd., London, UK). The DVS-1 

measures the uptake and loss o f  water vapour gravimetrically with a mass resolution o f  

± 0 . 1 (jg. The temperature was maintained at 25.0 ± 0.1 °C. A mass o f  around 10 mg of 

powder was loaded into a sample basket and placed into the system. The sample was 

analysed from 0% to 90% RH in 10% steps and the same for desorption. The sample 

was equilibrated at each o f  relative humidity (RH) conditions until constant mass 

(dm/dt <  0.002 mg/min for at least 10 min) was reached. The reference sample mass 

( m o )  for each experiment was recorded at 0% RH. The RH isotherms were calculated 

from the complete sorption and desorption profiles. The solid phase after sorption and 

desorption was characterised by PXRD for solid state changes. The experiment was 

performed in triplicate.

3.2.2.13.2 Long-term stability test

Solid state stability o f  the bulk material was carried out using an Amebis Test System 

(Amebis, Ireland) under conditions o f  60 ± 5% RH at 25 ± 5 °C. The samples were 

placed in Amebis humidity devices at 60% RH and stored in an oven at 25 °C. The test 

conditions were monitored using the Amebis Control Software. Samples were assayed 

in duplicate after 1, 2, 6 and 12 months using PXRD, DSC, FTIR and HPLC.

3.2.2.14 Liquid-state Nuclear Magnetic Resonance (NM R) spectroscopy

The analysis was performed by John O ’Brien (School o f  Chemistry, Trinity College 

Dublin, Dublin, Ireland). A Bruker Avance 400 NM R with 4-nucleus ( 'H , '^C, ^'P and 

''^F) probe was used for NM R studies. Deuterated DM SO-D6 was used to prepare the 

samples. Sample concentrations were in the range o f  5 -20  mg/ml. Spectrometer 

frequency was 400 M Hz with an acquisition time o f  2 seconds. The num ber o f  scans 

was appropriate to gain good quality spectra. Standard Pulse Sequence supplied by 

Bruker was used for 'H, '^C and 2-dimensional experiments. Details o f  the results can 

be found in the Appendix 2, Figure A.2.1 5 and Table A.2.2.
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3.2.2.15 Crystallisation from solution

SD (I mmol) and 4-ASA (I. I mmol) were dissolved in 20 ml o f  hot ethanol (and 

acetone). The solution was covered with an aluminium foil in which a syringe needle 

(0.3x12mm, Sterican'*) was inserted and left for slow evaporation o f  the solvent while 

maintaining the elevated temperature o f  the solution using an oil bath (set temperature 

o f  oil bath was around 70 °C).

3.2.2.16 Powder X-ray diffraction for structure determination

The analysis was performed by Liana Vella-Zarb (Department o f  Chemistry, Durham 

University, Durham, UK). X-ray powder diffraction patterns were recorded at room 

temperature on a Bruker D8 ADVANCE high-resolution laboratory X-ray powder 

diffractometer using Cu-Kui radiation from a primary Ge( I 11 )-Johansson-type 

monochromator and a Vantec position-sensitive detector (PSD) in Debye-Scherrer 

geometry. Data collection spanned over 20 hours, covering a range o f  2° to 65° along 20 

in steps o f  0.008° with a 6° opening o f  the PSD. The sample (crystals obtained by 

solvent evaporation, see 3.2.2.15) was spun during measurement to ensure better 

particle statistics. Structure determination and refinement o f  powder data were carried 

out using the programs TOPAS 4.1 (Bruker AXS, 2007) and DASH 4.2 (David, 2006) 

Indexing was carried out via the singular value decomposition method as implemented 

within TOPAS (Coelho, 2003) resulting in an orthorhombic unit cell. This was later 

confirmed by Rietveld refinement o f  the solved structure (Rietveld, 1969). The peak 

profile and precise lattice parameters were determined by Le Bail fits (Le Bail et al., 

1988) using the fundamental parameter (FP) approach o f  TOPAS (Cheary et al., 2007), 

allowing for the determination of microstructural properties such as domain size and 

microstrain. For the modelling of the background, fourth-order Chebychev polynomials 

were employed. The crystal structure was solved by the global optimization method o f  

simulated annealing (SA) in real space as implemented by DASH (David, 2006). The 

relative positions o f  the molecules were not known a priori, thus two independent 

molecular models were used using standard bond lengths and angles. Slack bond length, 

bond angle and planarity restraints were introduced to stabilise the subsequent Rietveld 

refinement (Rietveld, 1969). For the tlnal Rietveld refinement, all profile and lattice 

parameters were released and all atomic positions were subjected to refinement using 

soft bond and angle constraints. Final agreement factors (R-values) are listed in Table 

3.6. The full lists o f  atomic coordinates, together with intramolecular distances and
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angles, can be found in Appendix 2, Table A.2.3-Table A.2.7). The program Mercury 

2.3 (Mercury CSD 2.0, 2008) was used for illustrating the molecular structures.

3.2.2.17 Single crystal X-ray diffraction (SC-XRD)

The analysis was performed by Kirsten Christensen (Department o f  Chemistry, 

University o f  Oxford, Oxford, United Kingdom) in collaboration with Helge Miiller- 

Bunz (School of Chemistry & Chemical Biology, University College Dublin, Ireland). 

Crystal data were collected at Diamond Light Source, Beamline 119 the Small Molecule 

Single Crystal diffraction Beamline. A full sphere o f  data was collected at 100 K on a 

Rigaku Saturn 724+ CCD diffractometer with X  = 0.6889 A .  Data integration and 

numerical absorption correction were carried out by the CrysAlisPro software package 

from Agilent. The data was solved and refined using the program JANA 2006 (Petricek 

et al., 2006).

3.2.2.18 Statistical analysis

as described in Chapter 2
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3.3 R esu lts  and  Discussion  

3.3.1 Solid  state  character isation

P X R D  analysis  revealed  that products  ob ta ined  by d ry  m illing  d isp layed  diffraction 

p atterns  with  peaks at the sam e posit ions  regard less  o f  the ra tio  in the m ix tu re  and all 

diffraction peaks could  be su per im posed  with those o f  the sing le  com pounds .  

F u rtherm ore ,  the intensity  o f  the d iffraction  peaks  decreased  with  increasing  m illing 

t im e w hich  w as assum ed  to be a ttribu ted  to am orph isa tion  induced  by  m ill ing  tim e 

(F ig u re  3.1).

o
o
o

40

Diffraction angle (20)

Figure 3.1: PXRD patterns o f  SD and 4-ASA, dry milled in different molar ratios: a) SD;4- 

ASA 2;1 milled 45 min, b) SD:4-ASA 2:1 milled 30 min, c) SD;4-ASA 2:1 milled 15 min, d) 

SD;4-ASA I : I milled 45 min, e) SD:4-ASA 1:1 milled 30 min, t") SD:4-ASA 1:1 milled 15 min, 

g) SD:4-ASA 1:2 milled 45 min, h) SD:4-ASA 1:2 milled 30 min, i) SD:4-ASA 1:2 milled 15 

min, j )  4-ASA, raw material and k) SD, raw material.
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In contrast, the liquid-assisted milled products showed patterns with characteristic 

diffraction peaks, which differed from those o f the single components. However, the 

mixture ratios o f 1:2 (Figure 3.2 g - i)  and 2 ;I (Figure 3.2 a-c) showed additional 

diffraction peaks which superimposed with that o f 4-ASA raw material and/or SD raw 

material, respectively. The m illing  time was not found to have an influence on the 

PXRD patterns (Figure 3.2).

i i
ooo

Diffraction angle (29)

Figure 3.2: PXRD patterns o f SD and 4-ASA, liquid-assisted milled using EtOH in different

molar ratios: a) SD:4-ASA 2:1 milled 45 min, b) SD:4-ASA 2:1 milled 30 min, c) SD:4-ASA 

2:1 milled 15 min, d) SD:4-ASA 1:1 milled 45 min, e) SD:4-ASA 1:1 milled 30 min, 0 SD:4- 

ASA 1:1 milled 15 min, g) SD:4-ASA 1:2 milled 45 min, h) SD:4-ASA 1:2 milled 30 min, i) 

SD:4-ASA 1:2 milled 15 min, j ) 4-ASA, raw material and k) SD, raw material.

PXRD patterns o f the spray-dried products are shown in Figure 3.3. A ll three spray- 

dried products differed from each other and from the single components as well as from 

the dry and liquid-assisted milled products. The products o f the SD:4-ASA 1:1 (Figure 

3.3 b) and 1:2 ratio (Figure 3.3 c) showed sim ilar diffraction patterns, whereas the 1:2 

product revealed some additional diffraction peaks at around 26 and 27 degree 29 which 

can be attributed to 4-ASA. Spray drying from a 2:1 component mixture resulted in a
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product that showed a broad halo, characteristic o f the amorphous state, with some 

diffraction peaks w ith very low intensity (Figure 3.3 a).

ooo
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Figure 3.3; PXRD patterns o f  a) SI3;4-ASA 2:1, spray-dried, b) SD:4-ASA 1:1, spray-dried, c) 

SD.-4-ASA l;2 , spray-dried, d) SD:4-ASA !;1 liquid-assisted m illed, e) Sn;4-ASA  1:1 dry 

m illed, 0  4-ASA, raw material and g) SD, raw material.

Results o f thermal analysis by DSC and TGA o f  the dry milled SD;4-ASA products are 

shown in Figure 3.4, 3.5 and Table 3.1. As the content o f SD increased in the mixture, 

the endothermic melting event shifted towards the melting temperature o f SD (Tp, = 

197.16 ± 0.43 °C, AH|-= 130.45 ± 6.60 J/g) (Figure 3.4). M elting o f all dry milled 

products was associated with a significant mass loss and thus w ith degradation (Figure 

3.5). The 1:1 mixtures showed a single melting event (Figure 3.4 d -f), while the non- 

equimolar mixtures revealed, as in the case o f the 1:2 ratio, a double peak endotherm 

shifted towards the melting temperature o f 4-ASA (T,,, = 139.07 ± 0.93 °C, AFlr = 

392.80 ± 7.33 J/g) (Figure 3.4 g - i)  and in the case o f  the 2:1 ratio a second, small 

melting event attributed to SD was observed (Figure 3.4 a-c). From these results it was 

concluded that in contrast to the 1:1 product, the non-equimolar mixtures contained 

excess amount o f either SD or 4-ASA raw material (Figure 3.4). For all dry m illed
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products, regardless o f the mixture ratio, an exotherin in the temperature range between 

65 and 95 °C which increased with increasing m illing  time was observed (Figure 3.4) 

and was not associated w ith a significant mass loss by TGA (Figure 3.5). This was 

assumed to be attributed to crystallisation o f an amorphous content induced by m illing, 

which is known to result for milled materials (W illart and Descamps, 2008; W illart et 

al., 2007). DSC analysis o f the single components when milled separately under the 

same conditions showed, in the case o f SD, a similar exothermic event prior to melting 

as for the co-milled systems. This w'as not observed for milled 4-ASA for which no 

thermal event until melting, associated with decomposition, typical tor 4-ASA (Rotich 

et al., 2001), was found. Details can be found in Appendix 2, Figure A.2.1. These 

results suggest that the exothermic event was attributable to crystallisation o f 

amorphous SD induced by m illing, whereas 4-ASA remained crystalline at the given 

m illing conditions.
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Figure 3.4: DSC thermograms o f SD and 4-ASA, dry m illed in ditTerent molar ratios: a) SD:4- 

ASA 2:1 m illed 45 min, b) SD:4-ASA 2;! m illed 30 min, c) SD;4-ASA 2; I m illed 15 min, d) 

SD;4-ASA I ; 1 m illed 45 min, e) SD:4-ASA 1:1 m illed 30 min, f) SD:4-ASA 1:1 m illed 15 min, 

g) SD:4-ASA 1:2 m illed 45 min, h) SD:4-ASA 1:2 m illed 30 min, i) SD:4-ASA 1:2 m illed 15 

min, j)  4-ASA, raw material and k) SD, raw material.
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Figure 3.5: TG A thermograms o f  SD and 4-ASA, dry m illed in different molar ratios: a) SD:4- 

ASA 2:1 m illed 45 min, b) SD:4-ASA 2:1 m illed 30 min, c) S I):4-ASA 2:1 m illed 15 min, d) 

SD;4-ASA 1; 1 m illed 45 min, e) SL):4-ASA 1:1 m illed 30 min, 0  SD:4-ASA 1; 1 m illed 1 5 min, 

g) SD;4-ASA 1:2 m illed 45 min, h) SD:4-ASA 1:2 m illed 30 min and i) SD:4-ASA 1:2 m illed 

15 min. j )  4-ASA, raw material and k) SD, raw material.
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Table 3.1: Melting onset temperatures (T,„) and corresponding enthalpies o f  fusion (AH|) of 

SD:4-ASA dry milled, liquid-assisted milled and spray-dried products.

M ethod Milling time (min) S D :4 -A S A  ratio T„„°C (AHp, J/g)*

2;1 170.48 ± 0 .1 1  (157.91 ± 4 . 0 9 )

15 1:1 165.95 ± 0.40 (208.35 ±1.21)

1:2 144.52 ± 1.08 (242.17 ± 4 .0 8 )

Dry milling
2:1 170.81 ± 0 . 0 2  (145.31 ±  1.61)

30 1:1 167.28 ± 0 . 9 4  (203.04 ± 2 .0 8 )

1:2 144.31 ± 2.30 (239.34 ± 6 .2 6 )

2:1 1 7 1 .3 9 ±  0.27 (157.52 ± 0 .2 7 )

45 1:1 166.46 ± 0 .1  1 (205.19 ±  10.57)

1:2 144.03 ±  1.07 (239.72 ± 4 .1 8 )

2:1 171.65 ± 0.08 (166.46 ± 7 .8 3  )

15 1:1 168.82 ±  0.21 (228.35 ± 2 2 .3 4 )

1:2 149.08 ±  0.36 (251,94 ±  1.49)

2:1 1 7 1 .7 2 ± 0 .2 1  (1 6 6 .8 9 ± 2 .4 2 )

Liquid-assisted milling 30 1:1 170.38 ± 0 . 8 9  (240,81 ± 16.62)

1:2 148.98 ±  0.36 (257.39 ± 5 .7 5 )

2:1 171,39 ± 0,12 (170,08 ± 0 ,6 5 )

45 1:1 169,12 ±  0,35 (233.73 ±  16,22)

1:2 149,42 ± 0 , 3 9  (255,48 ± 6 ,6 5 )

2:1 176,01 ±  0,21 (170,45 ± 2 ,7 5 )

Spray drying - 1:1 170,61 ± 0,94 (209,78 ± 9 ,2 0 )

1:2 140,85 ± 0,81 (244,44 ±  1,63)

*refers lo onset lempenitiire of main melting event (n=J)

For the l iquid-assisted m illed  products ,  it w as found that, s im ilar  to the dry  milled  

products , an increasing am o u n t o f  SD  in the m ix tu re  resulted in a shift o f  the 

endo therm ic  m elting  event tow ards the m elting  tem pera tu re  o f  SD  (F igure 3.6). T he  

m elting  endo therm s occurred  at s im ilar  tem pera tu res  and show ed  s im ilar  enthalp ies  o f  

fusion (AHf) to those o f  the dry  m illed  m ater ia ls  (F igure  3.6, 3.4 and T ab le  3.1). 

H ow ever,  the the rm ogram s did not show any  ev idence  o f  am orph isa tion  s ince  no 

exo therm ic  events  prior to m elting  w ere  observed  (F igure  3.6). All p roduc ts  m elted  

with decom posit ion  (F igure  3.7).
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Figure 3.6: DSC thermograms o f SD and 4-ASA, liquid-assisted milled using EtOH in 

different molar ratios o f a) SD;4-ASA 2:1 milled 45 min, b) SD:4-ASA 2:1 milled 30 min, c) 

SD:4-ASA 2:1 milled 15 min, d) SI):4-ASA 1:1 milled 45 min, e) SD:4-ASA 1:1 milled 30 

min, f) SD:4-ASA 1:1 milled 15 min, g) SD:4-ASA 1:2 milled 45 min, h) SD:4-ASA 1:2 milled 

30 min, i) SD:4-ASA 1:2 milled 15 min, j )  4-ASA, raw material and k) SD, raw material.

100 22525 50 75 125 150 175 200

Tem perature (°C)

Figure 3.7: TGA thermograms o f SD and 4-ASA, liquid-assisted milled using EtOH in 

different molar ratios o f a) SD:4-ASA 2:1 milled 45 min, b) SD:4-ASA 2:1 milled 30 min, c) 

SD:4-ASA 2:1 milled 15 min, d) SD:4-ASA 1:1 milled 45 min, e) SD:4-ASA 1:1 milled 30 

min, f) SD:4-ASA 1:1 milled 15 min, g) SD:4-ASA 1:2 milled 45 min, h) SD:4-ASA 1:2 milled 

30 min and i) SD:4-ASA 1:2 milled 15 min.
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hi the case o f  the co-spray-dried materials, the product o f  the 1:2 SD;4-ASA ratio 

(Figure 3.8 c) showed a broad asymmetric melting event shifted towards the melting 

temperature o f  4-ASA (T„i= 139.07 ± 0.93 °C), similar to the 1 ;2 SD;4-ASA dry milled 

(Figure 3.4 g - i)  and liquid-assisted milled (Figure 3.6 g - i)  products, indicative o f  

excess amount o f  4-ASA. For the SD;4-ASA 2:1 spray-dried product (Figure 3.8 a) a 

glass transition (Tg) at 68.46 ± 0.20 °C, characteristic o f  the amorphous state and thus 

consistent with the PXRD data (Figure 3.3 a), followed by two exothermic 

crystallisation events corresponding to crystallisation o f  the amorphous phase and 

melting were observed. The amorphous phase may be attributed to amorphous SD 

induced by spray drying as it has been found, that when spray drying the components 

separately under the same conditions, SD showed an exothermic event in the same 

temperature range as observed for the SD:4-ASA 2:1 spray-dried product prior to 

melting, while 4-ASA revealed a melting event only (Appendix 2, Figure A.2.2). Based 

on further evidence by PXRD analysis o f  spray-dried SD and 4-ASA (Appendix 2, 

Figure A.2.3), these results indicated that SD transforms to a partially amorphous phase 

by spray drying, whereas 4-ASA remains crystalline. In contrast, co-spray drying from 

a 1:1 ratio revealed a product with a single melting peak (Figure 3.8 b) occurring at the 

same temperature as the melting peak o f  the 1:1 liquid-assisted milled material (Table 

3.1). Melting o f  each product was found to be associated with decomposition, as 

evidenced by TG A analysis (Figure 3.9).
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Figure 3.8; DSC thermograms o f spray-dried composite systems o f a) SD;4-ASA 2:1, b) 

SD;4-ASA 1:1 and c) SD;4-ASA 1:2.
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Figure 3.9: TGA thermograms o f spray-dried composite systems o f a) SD:4-ASA 2:1, b) 

SD:4-ASA ! ; l  and c) SD:4-ASA 1:2.
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hi sum m ary ,  from the results  ob tained by P X R D  and therm al ana lysis ,  it was 

concluded , that d ry  co-m ill ing  and co-spray  d ry ing  o f  SD  and 4 -A S A  induced 

am orph isa tion  to different extents, w hile  this w as not ev id en t  for l iqu id-assisted  milling. 

Influence o f  the m illing tim e was on ly  observed  du r in g  d ry  m illing, w hich  resulted  in 

products  with increased am o rp h o u s  content and reduced  crysta llin ity  with  increasing 

m illing  time. All p roducts  m elted  with decom posit ion .  N o n -eq u im o la r  ra tios o f  SD ;4- 

A SA  resulted in e ither b inary  crysta lline m ix tures  o r  b inary  crysta lline m ix tu res  with 

som e am o rp h o u s  content. S ingle  phase  products  (based  on P X R D  and D SC  analysis) 

with un ique diffraction peaks different from the pu re  com ponen ts ,  indicative o f  

cocrystal formation, w ere  on ly  observed  for l iqu id -assis ted  m illing  and sp ray  drying 

w hen the m ix ture  con ta ined  equ im ola r  am ounts  o f  SD  and  4 -A S A .

Referring to the ob jective  o f  this work in s tudy ing  cocrystal system s, all further 

investigations w ere  therefore  focused on the S D :4 -A S A  1:1 liquid-assisted  milled  and 

spray-dried  products.

3.3.2 S D :4 -A S A  1:1 l iquid-assisted  milled and sp ray-d r ied  p roduct -  fu rther  solid  

state character isation

In o rder  to ascertain if  one o f  the processing m ethods  has resulted  in form ation o f  the 

sam e S D :4 -A S A  1:1 cocrystal as ob ta ined  by  crysta ll isa tion  from ethanol and  reported  

previously  by Caira  (1992), the single crystal X -ray  data  w ere  transfo rm ed  into a 

theoretical po w d er d iffractogram  and com pared  with the experim ental  patterns ob tained 

for the tw o solid products. A s  show n in Figure 3.10, it w as  found that the P X R D  pattern 

o f  the 1:1 l iquid-assisted  milled  product w as consis ten t with the ca lcu la ted  pattern. 

H ow ever, the spray-dried  produc t in the equivalen t ratio show ed  d ifferent diffraction 

peaks which  also d iffered from the pure co m p o n en ts  and  it w as a ssu m ed  that a 

p o lym orph ic  cocrystal m ight have formed (F igure  3.10). T he  low er in tensity  o f  the 

d iffraction peaks o f  the milled  and spray-dried  produc t com pared  to the product 

crysta llised  from ethanol can be explained by  crystal im perfec tions  induced  by ball 

m illing  and spray  drying.
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Diffraction angle (20)

Figure 3.10: Theoretical PXRD patterns o f SD:4-ASA 1:1 products obtained by a) spray 

drying, b) liquid-assisted m illing compared to SD;4-ASA ! ; l  cocrystai, crystallised from 

ethanol, calculated on the basis o f single crystal data (Caira, 1992).

Characterisation by elemental analysis o f  the carbon, hydrogen and nitrogen 

composition o f  the liquid-assisted m illed  and spray-dried product is shown in Table 3.2. 

For both products the same elemental composition was detected and showed 

consistency w ith  the known cocrystal m olecular formula, C 1 2H 14N 4 O 2 S.

Table 3.2: Elemental analysis o f SD;4-ASA l ; l  composite systems, produced by liquid- 

assisted m illing and spray drying.

Sample Element Theory (%  ) Found (% )

C 52.90 52.66 ±0.03
SD:4-ASA 1:1, 

liquid-assisted milled H 4.87 4.85 ± 0.04

N 16.24 16.04 ±0.04

C 52.90 52.51 ±0.02
SD:4-ASA 1:1, 

spray-dried H 4.87 4.87 ±0.01

N 16.24 16.20 ±0.03
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Analysis by IR spectroscopy is illustrated in Figure 3.1!. Distinctive bands in the higher 

frequency range were observed for the single components such as in the case o f  SD 

(Figure 3.1 I d) which showed three characteristic IR bands: two bands at around 3441 

cm '' and 3338 cm ' attributed to the asymmetric and symmetric NFI2 stretching bands o f  

the amine group respectively and one stretching band at approximately 3235 cm '' 

attributed to the sulfonamide or amidine NFl group, while 4-ASA (Figure 3.11 c) 

displayed two characteristic bands at around 3493 cm '' and 3386 cm '' referring to the 

asymmetric and symmetric N H 2 stretching bands o f  the amine group respectively. The 

SD:4-ASA 1:1 liquid-assisted milled product (Figure 3.1 I b) showed bands at 3468, 

3415, 3369 and 3339 cm '' corresponding to the NH: stretching vibrations o f  the amine 

groups and thus shifts to different wavenumbers with respect to the pure components 

(Figure 3.11 c-d). The sulfonamide/amidine NH stretching was not prominent, but a 

small attributable band at 3233 cm ' was visible. Moreover, a shift o f  the band 

corresponding to the OH bending o f  the carboxylic acid group in 4-ASA merging with 

the band attributed to the sulfone (SO 2 ) group in SD (at 1300 cm ') was found at 1274 

cm ' (Figure 3.11 b). The observed shifts are indicative o f  m olecular interactions such 

as hydrogen bonding. As was previously shown for the SD:4-ASA 1:1 cocrystal 

reported by Caira (1992), the molecular association between SD and the acid occurs 

through hydrogen bonding formation (Figure 3.12). These findings were consistent with 

the PXRD results and confirmed formation o f  the SD:4-ASA 1:1 cocrystal (Caira, 

1992) via liquid-assisted milling.
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Figure 3.11: FTIR spectra o f  a) SD ;4-A SA  1:1 spray-dried product, b) SD ;4-A SA  1:1 liquid- 

assisted milled product, c) 4 -A SA , raw material and d) SD, raw material.
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Figure 3.12: M olecular s tructure o f  the SD :4-A SA  1:1 cocrystal (dotted black lines indicate 

hydrogen bonds) (Caira, 1992).
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The spray-dried material showed a different result compared to the hquid-assisted 

milled product. As shown in Figure 3.11 a, two broad bands, one at 3482 cm ' and one 

at 3372 cm '' with some shoulders attributable to the N H t stretching bands o f  the amine 

groups and a small weak band at 3230 cm ' referring to the sulfonamide/amidine NH 

stretching were observed. Compared to the single components, the bands at 3482 and 

3372 cm"' displayed shifts towards other wavenum bers and are therefore attributable to 

intermolecular interactions which differed to those o f  the liquid-assisted milled product. 

Further differences between the two products were observed in the fingerprint region by 

shifts o f  bands corresponding to the sulfone (SO:) stretching vibrations in SD and to the 

carboxyl group (OH bending) in 4-ASA at 1315 and 1275 c m ' ' ,  respectively (Figure 

3.11 a).

To elucidate the structural differences between the SD;4-ASA 1:1 liquid-assisted milled
• 13and spray-dried product, solid state NM R analysis was performed. The obtained C 

CPM A S spectra are shown in Figure 3.13. As a reference and for assignment o f  the 

chemical signals, the single components were analysed. Their spectra are illustrated in 

Figure 3.13 c and d. A list o f  ail peak assignments is presented in Table 3.3. Both SD 

and 4-ASA revealed sharp and narrow signals indicative o f  highly ordered (crystalline) 

structures. The relaxation time constants (Ti) were found to be 48 seconds and 220 

seconds for SD and 4-ASA, respectively. Generally, highly ordered, crystalline samples 

tend to have long relaxation times and thus high T| due to the long distances between 

individual nuclei in crystals. On the other hand, short relaxation times corresponding to 

low Ti values are usually observed for amorphous materials due to the proximity o f  

each nucleus to surrounding nuclei (Apperley et al., 2012).

For the liquid-assisted milled product the T | constant was 16 seconds and therefore 

significantly lower than the con’csponding values for the single components, indicating 

that the product is less ordered than SD and 4-ASA raw materials. The NM R spectrum 

o f  the liquid-assisted milled product is shown in Figure 3.13 b. Similar to SD and 4- 

ASA the peaks were found to be sharp and narrow, attributable to an ordered structure. 

Flowever, most signals have shifted towards higher or lower ppm numbers with respect 

to the single components (Figure 3.13 b. Table 3.3). Characteristic changes were, for 

example, observed for peaks corresponding to the carbons 8 and 12 and 7 o f  SD which 

have shifted and possibly exchanged their position appearing as overlapping signal at 

127.8 and 129.6 ppm, respectively. The peak at 23 .4-21.6  ppm attributed to the two 

methyl groups (carbons 1 and 5) o f  SD has shifted towards higher ppm numbers and
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ap peared  to have further separa ted  ind icating  an increased  d is tance  be tw een  the two 

m ethyl groups. F u r thennore ,  peaks at 173.9, 169.1, 132.9 and 105.0 ppm  co rrespond ing  

to the ca rbons  1, 7, 3 and 2 o f  4 -A S A  d isp layed  characteris tic  shifts co m p ared  to single 

4 -A S A . T he  peak  a ttribu ted  to the  ca rbons  4 and  6 o f  4 -A S A  has separa ted  into tw o 

d iscre te  s ignals  appearing  at 100.5 and 98.1 ppm  indicating  that these  ca rbons  are no 

longer  equ iva len t w hen  co m p ared  to 4 -A S A  raw  m aterial.  O verall ,  these  f indings show  

that l iqu id-assis ted  m illing has changed  the crystal s tructure o f  SD  and  4 -A S A  and 

h igh ligh ts  the c lo se r  chem ica l con tac t and therefore  the  p resen ce  o f  m o lecu la r  

in teractions betw een  the com ponen ts .

JL

200250 100150
6 (ppm)

Figure 3.13: '^C CPMAS spectra of a) SD:4-ASA 1:1 spray-dried product, b) SD:4-ASA 1:1

liquid-assisted milled product, c) 4-ASA, raw material and d) SD, raw material. The signals 

labelled by the asterisks indicate spinning side bands.
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T able 3.3; ' ’C ch e m ic a l  sh if ts  (p p m ) w ith  a s s ig n m e n t  to  the  ap p ro p r ia te  C -a to m  o b se rv e d  for 

S D , 4 -A S A , the  S D :4 -A S A  1:1 l iqu id -a ss is ted  m il led  ( L A M )  an d  sp ray -d r ied  (S P D )  product.

' V  assignmenf* SD 4-ASA S 0;4 -A S A , LAM SD:4-ASA, SPD

N-C=C (SD-C4) 169.3 - 166.4 172.0

N=C-C (SD-C2) 166.3 - 164.4 165.2

N-C=N (SD-C6) 154.8 - 155.2“'
155.2'^’

C - N H 2 ( S D - C 1 0 ) 152.9 - 151.8"’

C -C =C (SD -C 8, C l 2) 130.1 - 127.8*” 133.9, 131.2

- C - S C ) 2( SD - C7 ) 125.4 - 129.6*” 127.5

C -C =C (SD -C 3) 117.3 - II 7.3 122.3, 120.5

C -C =C (SD -C 9, C l l ) 115.1. 1 13.7 - 1 16.5, 1 14.4 115.3, 1 11.1

C H 3 ( S I ) - C 1 , C 5 ) 21.3,20,4 - 23.4 ,21.6 23.3,20.1

c o o i l  ( 4 A S A - C I ) - 175.5 173.9 175.3

C=C-OH (4ASA-C7) - 162.4 169.1 163.7

C-NI1:(4ASA-C5) - 154.8 153.5'* 152.6‘̂ '

C=C-C (4ASA-C3) - 135.2 132.9 137.1

C=C -C O O ll (4ASA-C2) - 107.4 105.0 107.9, 106.2

C=C-C (4ASA-C4, C6) - 98.2 100.5, 98.1 98.7

^refers to molecular structures o fSD  ami 4-ASA as shown helow

4

H2 |1210 o
" N

I
H

5

a) overlapping signals 
h) overlapping signals 
c) overlapping signals
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For the SD;4-ASA 1;1 spray-dried product a T | o f  7.5 seconds was found. This value 

was lower than the values for the liquid-assisted milled sample and the single 

components and indicates that the spray-dried product is less ordered in nature. The ' ’C 

NM R spectrum is shown in Figure 3.13 a. it was found that all peaks appeared broader 

and signals were superimposing with one another when compared to the liquid-assisted 

milled material and the single components. This is often observed for less ordered 

(amorphous) materials and thus consistent with the result o f  Ti determination. The 

spectrum o f  the spray-dried product showed distinct differences to those o f  the other 

materials. For example, the signals attributed to the carbons 4 and 2 o f  SD have drifted 

further apart from each other appearing at 172.0 and 165.2 ppm and thus in close 

proximity to the signals attributed to carbons 1 and 7 o f4 -A S A  at 175.3 and 163.7 ppm, 

respectively. The peaks corresponding to carbons 6 and 10 o f  SD merge with the peak 

attributed to carbon 5 o f  4-ASA at 155.2-152.6 ppm. Moreover, the peak appearing at

137.1 ppm attributable to carbon 3 o f  4-ASA showed a shift towards higher ppm 

numbers. The single peak referring to the carbons 8 and 12 o f  SD seemed to have 

separated into two signals, appearing at 133.9 and 131.1 ppm. Characteristic shifts 

towards higher ppm numbers were observed for peaks at 127.5 ppm and 122.3-120.5 

ppm, corresponding to carbon 7 and 3 o f  SD. The signals attributed to carbons 9 and 11 

o f  SD have drifted further apart from each other by around 2.8 ppm appearing at 115.3-

111.1 ppm, whereas the peak present at 107.8-106.2 ppm attributable to carbon 2 o f  4- 

ASA, showed separation. In contrast to the liquid-assisted milled sample, the peak 

referring to the carbons 4 and 6 o f  4-ASA appeared as a single peak at 98.7 ppm, as in 

pure 4-ASA. Moreover, the signals at 23.3-20.1 ppm corresponding to the two methyl 

groups (carbons 1 and 5) o f  SD were found to have drifted further apart than was 

observed for the liquid-assisted milled product and single SD. These results showed that 

spray drying has altered the structure o f  the components, possibly rendering it 

amorphous to some extent. The characteristic shifts observed in the spectrum, different 

to those o f  the liquid-assisted milled sample were indicative o f  molecular interactions 

between the components.

Further conclusions were drawn by analysing a physical mixture o f  SD and 4-A SA  in 

1; 1 molar ratio and SD and 4-ASA after being spray-dried separately. The '^C spectra 

can be found in Appendix 2, Figure A.2.4. For the physical mixture the Ti value was 65 

seconds and therefore between the corresponding values o f  the single components. In 

contrast to the liquid-assisted milled and spray-dried product, all peaks in the spectrum
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were found to superimpose with those o f  SD and 4-ASA (Appendix 2, Figure A .2.4 a), 

proving that simply mixing o f  the two components did not alter the chemical structure. 

Spray-dried SD and 4-ASA showed T| values o f  12.5 and 19.5 seconds, respectively. 

These values were significantly lower when compared to unprocessed SD (by 35.6 

seconds) and 4-ASA (by 200.5 seconds) indicating that the components became more
13disordered by spray drying. These findings were consistent with the corresponding C 

spectra o f  spray-dried SD and 4-ASA which displayed broader peaks than the 

unprocessed materials (Appendix 2, Figure A.2.4 b-e). Moreover, the observed peak 

broadening o f  the single components was not found to be attributable to the peak 

broadening o f  the SD;4-ASA co-spray-dried material. Therefore, it was concluded that 

the broader peaks obtained from co-spray-drying associated with shifts are not only a 

result o f  a more disordered state, but confirm that the carbon atoms are chemically 

different to those o f  the liquid-assisted milled product, a physical mixture and the single 

components.

In summary, further solid state characterisation o f  the SD;4-ASA l;l  liquid-assisted 

milled and spray-dried product has shown that liquid-assisted milling o f  SD and 4-ASA 

in 1:1 ratio results in the formation o f  the same cocrystal as reported by Caira (1992). 

On spray drying, a product with the same molecular fonT\ula as the liquid-assisted 

milled sample is obtained. Based on findings from IR and '^C ssNM R spectroscopy, the 

spray-dried product revealed noticeable differences which are attributed on the one 

hand to different molecular interactions between SD and 4-ASA and on the other hand 

to a different solid state nature. These differences gave further indication that a 

polymorphic form o f  the SD;4-ASA 1; 1 cocrystal has been generated by spray drying, 

in the following, the term “ form 1” cocrystal is used for the SD;4-ASA 1:1 liquid- 

assisted milled product and “ form 11” is used for the spray-dried product.
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3.3.3 SD:4-ASA 1:1 form I and form II cocrystal -  solubility studies

The equilibrium and apparent solubility o f pure SD and pure 4-ASA were found to be 

2.30x10'^ ± 0.02x10'^ mmol/m l and 14.90x10'^ ± 0.00x10'^ mmol/ml, respectively.

As demonstrated in work by Good and Rodriguez-Homedo (2009), cocrystal solubility 

can be estimated through only a single measurement from the transition concentration 

(Ctr) at which the cocrystal and drug are in equilibrium with the solution. A good 

estimation o f the cocrystal solubility  based on Ci, measurements requires that solution 

complexation does not play a role (Good and Rodn'guez-Hornedo, 2009). To determine 

whether solution complexation is present, phase-solubility studies were performed. As 

shown in Figure 3.14, increasing 4-ASA concentrations in solution did not have an 

impact on the concentration o f SD in solution. The measured SD concentration for 

solutions which contained > 0.0026 mmol/ml 4-ASA did not change significantly and 

was 2.45x 10'^ ± 0.03x I O'"’ mmol/ml. When compared to So (= SD concentration in the 

absence o f 4-ASA, So = 2.30x10'^ ± 0.02x10'^ mmol/m l), the measured increase and 

thus solution complexation o f SD in the presence o f 4-ASA was considered to be 

negligible.
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Figure 3.14; Phase-solubility profile o f SD (minol/ml) as a function o f 4-ASA concentration. 

So is the equilibrium solubility o f SD in the absence o f 4-ASA.
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The determination o f  the cocrystal solubihty or rather solubility product (K^p) from the 

transition concentration is based on the following theoretical principle:

Ksp =  [A]?r[B]f, (3.1)

where [A] and [B] are the molar concentrations o f  cocrystal components, and the 

superscripts, a and p, refer to the stoichiometric amounts o f  A and B, respectively 

(Good and Rodriguez-Homedo, 2009).

For the SD;4-ASA 1:1 form I cocrystal (produced by liquid-assisted milling) transition 

concentrations (Ctr) o f  2.39x I0'  ̂±  0 . 13x 10'  ̂ mmol/ml for SD and 3.37x 10'  ̂ ± 0.08x  

10'  ̂ mmol/ml for 4-ASA (pH=4.12) were measured resulting in a solubility product o f  

8.05xjO'^’ ± 0.53x|0'^’ M" using equation 3.1. Analysis by PXRD o f  the solid remaining 

phase after equilibration verified that the transition point was reached by the presence 

o f  a mi.xed phase composed o f  cocrystal and SD (Appendix 2, Figure A.2,5).

However, equation 3.1 is only applicable to non-ionisable components (Good and 

Rodriguez-Homedo, 2009; Nehm et al., 2006). As both components in the SI):4-ASA  

1:1 cocrystal have an amphoteric character, ionisation and thus the pH in solution plays 

an important role.

The prediction o f  cocrystal solubility dependence on pH has been previously described 

for different components by Bethune et al. (2009). However, no model has been 

reported for a cocrystal containing two amphoteric components. Therefore, for the 

SD:4ASA 1:1 cocrystal a new theoretical model has been established from which the 

pH-dependent cocrystal solubility and solubility product was predicted by the following 

equation;

where Ksp is the solubility product and Kai and K;,2 are the acid ionisation constants for 

the SD (drug) and 4-ASA (coformer), respectively.

The model was derived based on the equilibrium reactions for cocrystal dissociation 

and ionisation and is described in detail in the following paragraphs.

75



Chapter 3: Co-grinding and co-spray drying

For the SD;4-ASA l;l cocrystal composed o f  an amphoteric drug and an amphoteric 

coformer the following equations can be estabhshed:

SD; 4ASAsoiiji ^  SDjoin + ^ASAs^in (3.3)

Ksp =  [SD][4ASA] (3.4)

For SD the equilibrium reactions and the thereof derived mass constants can be 

described by;

SDH+ ^ S D +  H +

lSDllH + 1Kal,SD — (SDH^

SD ^  SD-  +  H +

[SD-][H  + |Ka2,SD — ISDl

(3.5)

(3.6)

(3.7)

(3.8)

For 4-ASA the equilibrium reactions and the thereof derived mass constants can be 

expressed by:

4ASAH+ ^=^4ASA+ H+ (3.9)

_  |4ASA1|H^]
K al,4A SA  -  I4ASAH-1

4ASA 4ASA~ +  H+ (3. II)

_  [4ASA-|[H + ]
Ka2,4ASA -  (4a s a ]

The total SD and 4-ASA concentrations (SD( and 4-ASAt) are then calculated by the

sum o f  the ionised and nonionised species as described below:

[SD]t =  [SDH + ] +  [SD] +  [SD'] (3.13)

[4ASA]t =  [4ASAH+] +  [4ASA] [4ASA"] (3.14)
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The equilibrium constants (Ksp and Ka) can be used to substitute equations 3.13 and 

3.14:

[SD]t =  +  (3.15)
14ASAI V Kai sD IH

[4ASA]t = [4ASA] (3.16)
\  K a i , 4 A S A  I H  1 /

[4ASA] =  7---------------    (3.17)
I”  I ' ^a2 .4 A S A \  ^ '

V * < a l , 4 A S A  /

Substituting equation 3.17 into equation 3.15:

[SD]t = 7 T S ^ f l +  +  (3.18)
a 1 , S D  | n  ' I /  \  I ' a l . l A S A

For a 1:1 cocrystal considering stoichiometric conditions, Scocr>suii = [SI)]t = [4ASA]( 

and thus equation 3.18 can be rewritten resulting in equation 3.2.

At the transition (tr) point equation 3.18 can be rewritten as:

r s i n l  —  I I i - x  I  I H " ^ ]  .  K a 2 , 4 A S A  I .  . n - .

Hence, the solubility product (Ksp) can be determined by:

, ,  _   [SDlt, [4ASA|tr______________
f l  I  1“ ' ^!  I f l  I * <a 2 .4 A S A \

• ^ a l . S D  ( H ' * ’ ! / V  | H  +  |  /

Based on the measured Ctr, the pH and the known acid constants for the SD :4-ASA 1:1 

form I cocrystal a Ksp o f  1.91x10"^’ ± 0.16x10'^’ M" was calculated using equation 3.20. 

The obtained Ksp allowed further prediction o f  the cocrystal solubility for other pH 

values using equation 3.2.

Figure 3.15 shows the resulting cocrystal solubility profile, dependent on the pH. For 

the single components the pH-dependent solubihty was derived from the Henderson- 

Hasselbalch relationship (Florence and Attwood, 201 I).
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Experimentally measured solubilities o f  the cocrystai at other pH values were 

determined according to the following equation for a 1:1 cocrystal referring to Nehm et 

al. (2006) (Figure 3.15).

S c o c r y s t a i  =  yidrugJ[coforn^ (3.21)

1.E+05 n Kgp= 1.91x10-6 ±0.16x10-6 M2 
pK3SD = 2 .79 ,  7 .4  

4-ASA ~ 2, 3 . 5 6
1.E+04 -

1.E+03 -

1.E+02 -

^  1.E+01

1.E+00 -

1.E-01

1.E-02 -

1.E-03 -

1.E-04

Figure 3.15: Theoretical pH solubility profile (37 °C) tor the SD ;4A SA  1:1 form 1 cocrystal

contain ing two amphoteric  com ponents. The solid line represents the cocrystal solubility, the 

dashed and dotted lines show the  theoretical SD and 4-ASA solubility dependent on the pH 

(derived from the Henderson-Hasselbalch  relationship) and the cross sym bols are 

experim entally  obtained solubility data for the cocrystal.

From the established pH-solubility profile, it was concluded that the SD :4-ASA 1:1 

fonn I cocrystal is less soluble than its single components in the acidic region at pH < 4 

and becomes more soluble than SD at pH > 4. Experimentally determined solubilities at 

pH = 2.3 and pH =  3.76 were found to be in good agreement with the predictions.

PX RD analysis o f  the solid phases at equilibrium confirmed the presence o f  cocrystal as 

a single phase and thus its stability at the given pH (Figure 3.16 b and c). In contrast, at 

pH = 6.8 the measured concentration was found to be lower than the predicted
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solubility (Figure 3.15). PXRD analysis o f the solid pha.se detected a mixed phase o f 

cocrystal and SD attributed to the presence o f the diffraction peak at 9.35° 20 (Figure 

3.16 a). This result showed that at pH = 6.8 the cocrystal was unstable by transforming 

to SD and explained the deviation o f the experimentally determined solubility from the 

predicted profile (Figure 3.15).

I
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3.

c
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35
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40

Figure  3.16: PXRD patterns o f SD;4-ASA 1:1 form 1 cocrystal phases at different solution pH 

compared to the cocrystal before the study and the single components, a) cocrystal at pH = 6.8, 

b) cocrystal at pH = 3.76, c) cocrystal at pH = 2.30, d) form 1 cocrystal, e) 4-ASA, raw material 

and 0  SD, raw material.

For determination o f the solubility o f the SD:4-ASA 1:1 form 11 cocrystal, initial 

solubility experiments using the shake-tlask method were performed. However, it was 

found that, after I hour equilibration time, the solid phase had fu lly  converted to the 

form 1 cocrystal and SD (verified by PXRD, data not shown). For more detailed 

information, dynamic solubility studies were performed for the form II cocrystal and 

the phase stability was analysed by PXRD. The results are presented in Figure 3.17 and 

Figure 3.18.
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ooo

5 10 15 20 25 30 35 40

Diffraction angle (29)

Figure 3.17: PXRD patterns o f  the solid phase during dynamic soiiibility studies performed in 

water (37 °C) o f  the SD:4-ASA 1:1 form II cocrystal; a) at 30 seconds, b) at 10 minutes, c) at 

20 minutes, d) at 60 minutes compared to e) SD:4-ASA 1:1 form II before subjected to 

solubility test, t) SD:4-ASA 1:1 form I cocrystal before subjected to solubility test and g) SD, 

raw material.

It w as found  that, af te r  on ly  30 seconds, the form 11 cocrystal converted ,  to som e extent, 

to the form I cocrystal a t tr ibu ted  to the p resence o f  the d iffraction  peak at 10.25° 20 

(F igure  3.17 a). At 10 m inu tes ,  a third  phase  was detec ted  in the solid  residue, 

co r respond ing  to SD as sh o w n  by the charac teris t ic  diffraction  peak at 9 .35° 20 (F igure  

3.17 b). A t 20 m inutes  a lm o s t  all d iffraction  peaks a ttr ibu ted  to the form 11 cocrystal 

had d isappea red  (F igure  3 .17 c) and at 60  m inu tes  form II had fully converted  to form 1 

cocrystal and  SD  (F igure  3 .17  d).

T h e  concen tra t ion -t im e  profile, as illustrated in F igure 3 .18 revea led  that the so lu tion  

concen tra t ions  o f  SD  and  4 -A S A  w ere  non-equ im olar ,  w h ereas  for S D  in itially  a 

s ign ifican tly  h igher concen tra t ion  w as m easu red  with  a peak at 8 m inutes  fo llow ed  by a 

decrease  after 10 m inutes  w ith  the trend to level out with the 4 -A S A  concen tra t ion  with 

increasing  time. T he dec rease  w as exp la ined  by the phase transfo rm ation  as it has been 

show n  by P X R D  analysis.
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A s  a r e fe re n ce ,  the  s tu d y  w a s  a lso  c o n d u c te d  for  th e  S D :4 - A S A  form  1 co c ry s ta l  and  

p u re  S D  (d a ta  can  be fo u n d  in A p p e n d ix  2, F ig u re  A .2 .6  a n d  F ig u re  A .2 .7 ) .  In c o n tra s t  

to  fo rm  II, th e  fo rm  I co c ry s ta l  s h o w e d  e q u im o la r  so lu t io n  c o n c e n t r a t io n s  o f  S D  a n d  4- 

A S A  a n d  w a s  s ta b le  o v e r  6 0  m in u te s  as c o n f i rm e d  b y  P X R D  a n a ly s is  o f  th e  so lid  

re s id u e  at e a c h  t im e  po in t .  T h e  initial S D  c o n c e n t ra t io n  o f  fo rm  1 w a s  c o n s id e ra b ly  

lo w e r  th a n  th a t  o b ta in e d  for  fo rm  II, bu t  w a s  s im i la r  a n d  a t  t= 6 0  m in u te s  th e  s a m e  as the  

S D  c o n c e n t ra t io n  o f  p u re  S D  (A p p e n d ix  2, F ig u re  A .2 .6 ) .  C o n s id e r in g  the  pH  at t= 6 0  

m in u te s ,  w h ic h  w a s  a p p ro x im a te ly  3 .80 ,  th e  c o n c e n t r a t io n  o f  th e  fo rm  I c o c ry s ta l  w a s  

e x p e c te d  to be  s im i la r  to p u re  S D  b a s e d  on  the  p H -s o lu b i l i ty  p r e d ic t io n s ,  as  w a s  

d e m o n s t r a te d  in F ig u re  6 .2 .
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Figure 3.18: Concentration -  time profiles o f  the SD :4-A SA  1:1 form II cocrystal in water at

37 °C .  Diamonds symbolise SD, triangles represent 4-ASA.

O v era l l ,  th e se  re su l ts  in d ica ted  th a t  th e  S D :4 - A S A  I ;I  fo rm  II c o c ry s ta l  fo rm s  an 

u n s tab le ,  s u p e r s a tu ra te d  so lu t io n  w h ic h  u n d e rg o e s  a rap id  s o lu t io n -m e d ia te d  

t r a n s fo rm a t io n  in to  the m o re  s ta b le  fo rm  I a s s o c ia te d  w ith  p re c ip i ta t io n  o f  S D . It w as  

c o n c lu d e d ,  th a t  th e  fm d in g s  can  be  r e fe r red  to  th e  “ s p r in g ” e f fe c t  as is d e s c r ib e d  fo r  the  

“ sp r in g  a n d  p a r a c h u te ” a p p ro a c h  b y  G u z m a n  et al. (2 0 0 7 ) .  T h e  “ s p r in g ” is in d u c e d  b y  a
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higher energy form and reveals a higher apparent soiubinty (“apparent” because the 

material is not in the most stable form), which is a known phenomenon for amorphous 

materials, but has also been reported for crystalline materials (Guzman et al., 20G7; 

Vogt et al., 2008). In the case o f  the SD;4-ASA 1:1 form II cocrystal, the “spring” was 

observed at <  10 minutes and associated with conversion to the form I cocrystal. 

Therefore, it was not possible to determine the solubility o f  form II considering the 

given conditions. However, as has been demonstrated by Guzman et al. (2007) such 

issues can be eliminated by maintaining or stabilising the unstable supersaturated stale 

(parachute effect), where the use o f  polymers has been reported many times in the 

literature (O verho ffe t  al., 2008; ; Appel et al., 2006; Raghavan et al., 2001; Suzuki and 

Sunada, 1998; Usui et al., 1997). For example Warren et al. (2010) have reported on the 

effect o f  several polymers to inhibit precipitation from supersaturated solution using 

low polymer concentrations ranging from 0 .001-0 .1%  (w/v). Am ong others, PVP (10, 

40, 360) was found to be an effective inhibitor.

Therefore, for the SD;4-ASA 1:1 form II cocrystal dynamic solubility studies were 

performed in 0.1 % (w/v) aqueous PVP solution. As it is known that PVP can enhance 

the solubility o f  sulfa drugs such as sulfamethoxazole (Loftsson et al., 1996) and 

sulfathiazole (Simonelli et al., 1976), the study was initially performed for pure SD and 

also for the form I cocrystal. The results showed, that no considerable increase in the 

SD concentration in 0.1% (w/v) PVP solution compared to water was observed for both 

pure SD and the form I cocrystal (Appendix 2, Figure A.2.8). In the case o f  pure SD, 

for early time points the concentration was rather decreased in 0.1% (vv/v) PVP in 

comparison to water (Appendix 2, Figure A .2.8). Eiesides, the 4-ASA concentration o f  

the form I cocrystal remained unchanged in both solution media (data not shown).

Based on these findings, the form II cocrystal was investigated under the same 

conditions, which revealed that the cocrystal remained stable over the entire time o f  the 

study. No phase changes were observed, as shown by analysis o f  the solid remaining 

phase by PXRD (Figure 3.19). The resulting concentration-time profile was consistent 

with the PXRD data. As illustrated in Figure 3.20, the addition o f  PVP stabilised and 

maintained the concentrations o f  both cocrystal components and thus the supersaturated 

state. The concentrations o f  SD and 4-ASA at t=60 minutes were 4.96x 10'^ ± 0.11 x 10"̂  

mmol/ml and 2.81x10'^ ± 0 .09x |0 '^  mmol/ml, respectively. When compared to the 

equivalent concentrations measured for the form 1 cocrystal in 0 .1%> (w/v) PVP solution 

(Appendix 2, Figure A .2.8) the form II cocrystal showed a more than 2-fold and an
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approxim ately 1.2-tbid higher SD and 4-A SA  concentration, respectively. Likew ise, the 

SD concentration o f  the form II cocrystal was 2 -fo ld  higher compared to pure SD, 

under the same experimental conditions (Figure 3.20).

Diffraction angle (20)

Figure 3.19: PXRD patterns o f the solid phase o f the SD;4-ASA !;1 form II cocrystal during 

dynamic solubility studies in 0.1% (\v/v) PVP solution, a) at 5 minutes, b) at 10 minutes, c) at

60 minutes compared to d) form II before subjected to solubility test.
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Figure 3.20: Concentration -  time profile o f the SD;4-ASA 1;1 form II cocrystal and pure SD 

in 0.1% (\v/v) PVP solution (37 °C). Diamonds and triangles symbolise SD and 4-ASA 

concentrations o f the form II cocrystal, respectively. Circles represent the concentrations o f 

pure SD.
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Overall, the solubility studies have shown that the SD;4-ASA 1:1 form I cocrystal is 

stable in water at 37 °C and its pH-dependent solubility can be predicted by a model 

established for a cocrystal composed o f  two amphoteric components. The SD:4-ASA 

1:1 form I! cocrystal was found to be unstable, transforming very rapidly to form I and 

SD by generating a supersaturated solution in water at 37 °C. The addition o f  0.1% 

(w/v) PVP to the solution enabled the form 11 cocrystal to be stabilised and the 

supersaturated state to be maintained. The form 11 cocrystal revealed higher component 

concentrations compared to the form I cocrystal. For SD, which is the less water soluble 

component, the form 1! cocrystal showed a more than 2-fold higher concentration 

compared to form 1 and pure SD.

Based on the results obtained by ssNMR analysis which have emphasised the 

differences between the form I and form II cocrystal not only as a result o f  a difference 

in the molecular structure, but also due to a difference in the nature o f  the solid form, 

the higher component concentrations (supersaturated state) o f  the form II cocrystal were 

assumed to be attributed to its rather amorphous nature that has been observed. In 

experiments performed later (see section 3.3.5, pp. 96-102) it was found that in contrast 

to the liquid-assisted milled form 1 cocrystal, the spray-dried form II cocrystal revealed 

a non-equimolar stoichiometry with SD;4-ASA o f  1:0.92 as a result o f  the spray drying 

conditions. The obviously higher SD molar amount was assumed to be free amorphous 

SD induced by spray drying and the reason for the observed higher SD solution 

concentrations. This assumption has been confirmed in a solubility experiment using a 

stoichiometrically equimolar form o f  the form II cocrystal with a higher degree o f  

crystallinity, produced by solvent evaporation (see section 3.3.6, pp. 103-109). The 

equimolar form II cocrystal revealed a similar 4-ASA concentration to the non- 

equimolar (spray-dried) form II cocrystal and to the form I cocrystal. However, in the 

case o f  SD, the concentration difference with respect to form 1 was o f  a much lower 

order o f  magnitude (only around 1.2-fold higher) than it was observed for the non- 

equimolar form II (spray-dried) cocrystal. It was concluded that, despite the difference 

in stability, the actual solubilities o f  the form I and form II cocrystals are similar. 

Details o f  these results can be found in Appendix 2, Figure A.2.9 and Figure A.2.10.
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3.3.4 The SD:4-ASA 1:1 form I and form II  cocrystal -  dissolution studies

Further investigations were pertbrmed by intrinsic dissolution rate studies. The intrinsic 

dissolution profiles of'the pure components are shown in Figure 3.21. The dissolution 

of'both components was linear over time (R" > 0.97), whereas 4-ASA dissolved around 

nine times taster than SD (Table 3.4). Analysis o f the compact surface at the end o f the 

study by IR and PXRD verified that no phase changes occurred (Appendix 2, Figure 

A .2 .1 1 and Figure A .2.12).
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Figure 3.21: Dissolution profiles ofSD (diamonds) and 4-ASA (triangles) in water at 37 °C.
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T a b le  3.4: Intrinsic dissolution rates o f  the SD :4-A SA  1:1 form 1 and form II cocrvstai (CC), a 

1:1 physical m ixture (PM ) and the pure  components. W here not otherwise stated, the data refer 

to water (37 °C).

M ateria l lO R  (m mol/m in/cm ^) Difference (u=0.05)

SD 3 .6 4 x |0 ' ‘ ± 0 .12x l( )" ' -

4-ASA 32.6x1 ()- '± 1.26x10'' -

rorm 1 CC
SD: 5 .09x|() -'± 0 .27x10 '* 

4-ASA: 6.52x10 ■‘ ± 0 .3 3 x 1 0  "
SD: n.s. to tbrm II CC (in PVP), s. to all others 

4-ASA: s. to all

fonn II CC
SD: 6.08x10“'± 0 .1 3 x 1  O '" 

4-ASA: 5.25x10 ' '± 0 .0 2 x 1  O '*
SD: s. to all 

4-ASA: s. to all

form II CC 
( in 0 .1 % ! ’VP)

SD: 4.66x10 " '± 0 .0 6x 10  "' 
4-ASA: 3.58x1 O '* ±0.00x10""'

SD: n.s. to tbrm 1 CC. s. to all others 
4-ASA: n.s. to PM**, s. to all others

PM

SD: 3.89x10"" ±0.09x10""*

4-ASA: 9.78x10""* *0.67x10""'* 
4-ASA:4.05x|0""* t  0.28x10""***

SD: n.s. to pure SD. tbmi II CC (in PVP). 
s. to all others 

4-ASA*: s. to all 
4-ASA**: n.s. to form II CC (in PVP), 

s. to all others

^initial ra te  (estim ated  from  t=() until t o f  /  ' '  m easuring point)

* *  lim iting rate

s. = significantly different (p<0.05) 

n.s. =  not significantly different (p X ).0 5 j

T h e  S D ;4 - A S A  1:1 fo rm  I c o c ry s ta l  s h o w e d  l in e a r  ( R '  >  0 .9 9 ) ,  n o n - e q u im o la r  re le a se  

w i th  a ra t io  o f  1:1.3 o f  S D ;4 - A S A  at e a c h  t im e  p o in t  (F ig u re  3 .2 2 ) .  H o w e v e r ,  no 

c h a n g e s  o f  the  su r f a c e  c o m p o s i t io n  w e re  d e te c te d  as  c o n f i r m e d  by  IR a n d  P X R D  

a n a ly s i s  ( A p p e n d ix  2, F ig u re  A .2.11 a n d  F ig u re  A .2 .1 2 ) .  It w a s  fo u n d  th a t  S D  h a d  a 

1 .4-fo ld  h ig h e r  a n d  4 - A S A  a 5 - fo ld  lo w e r  d is s o lu t io n  ra te  c o m p a r e d  to  th e  p u re  

c o m p o n e n t s  (T a b le  3 .4).
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Fijjure 3.22: Dissolution profiles o f  the SD:4-ASA 1:1 form I cocrystal in w ater at 37 °C.

Diamonds symbolise SD, triangles represent 4-ASA.

In th e  ca se  o f  S [ ) ;4 - A S A  !:!  fo rm  II co c ry s ta i  the  d i s so lu t io n  w a s  in i t ia l ly  m e a su re d  

from  1 0 - 6 0  m in u te s .  H o w e v e r ,  at th e  e n d  o f  th e  s tu d y  th e  su r fa c e  c o m p o s i t io n  re v e a le d  

c h a n g e s .  A n a ly s is  b y  IR s p e c t ro s c o p y  o f  th e  c o m p a c t  su r fa c e  d e te c te d  th e  a p p e a ra n c e  

o f  tw o  w 'eak b a n d s  at 3 4 4 2  a n d  1477 c m ' '  c o r r e s p o n d in g  to S D  a n d  fo r  th e  b a n d s  at 

3 3 7 2  a n d  671 c m ' '  s h o u ld e r s ,  a t t r ib u ta b le  to  th e  fo rm  I c o c ry s ta l  a n d /o r  S D  w e re  v is ib le  

(F ig u re  3 .23 a). A d d i t io n a l  a n a ly s is  b y  P X R D  rev ea led  th e  p re s e n c e  o f  d i f f ra c t io n  p e a k s  

a t  9 .35  a n d  10.25° 26, c h a ra c te r is t ic  o f  S D  a n d  the form  1 co c ry s ta l ,  r e s p e c t iv e ly  (F ig u re  

3 .2 4  a). T h e s e  re su l ts  s h o w e d  tha t  th e  fo rm  11 coc ry s ta l  t r a n s fo rm e d  to fo rm  I a n d  S D  

d u r in g  d is so lu t io n ,  w h ic h  w as  a lso  o b s e rv e d  in s o lu b i l i ty  s tu d ie s ,  as  h a s  b een  

d e m o n s t r a te d  earlie r .
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Figure 3.23: IR spectra o f compact surface after intrinsic dissolution studies; a) SD;4-ASA 1;1 

form II, at 60 minutes, b) SD;4-ASA 1:1 form II, at 10 minutes compared to compacts before 

dissolution; c) SD;4-ASA 1:1 form II, d) SD;4-ASA 1;1 form I and e) SI), raw material.
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Figure 3.24: PXRD patterns o f compact surface after intrinsic dissolution studies; a) SD;4- 

ASA 1;1 form II, at 60 minutes, b) SD;4-ASA 1;1 form II, at 10 minutes compared to compacts 

before dissolution; c) SD;4-ASA I ; I form II, d) SD;4-ASA 1; I form I and e) SD, raw material.
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Further studies were therefore performed for lower time points (2 -10  minutes) and no 

phase changes at the surface o f  the compact were detected at 10 minutes as confirmed 

by IR and PXRD analysis (F igure 3.23 b, Figure 3.24 b). The dissolution profiles are 

shown in Figure 3.25. The dissolution o f  both components was linear (R ‘  > 0.98) and 

nearly equimolar (1 ;0.9 SD :4-ASA) over time. For SD, the dissolution rate was around 

1.7-fold and 1.2-fold higher compared to pure SD and the form I cocrystal, respectively, 

w hile  4 -A SA  showed a more than 6 -fo ld  and approximately 1.2-fold lower dissolution 

than pure 4-A SA  and the fonn 1 cocrystal, respectively (Table 3.4).

The same e.xperiment was conducted in 0.1% (w /v) PVP solution, as it has been shown 

in so lub ility  studies that PVP prevents phase transformation o f  the form  11 cocrystal. A 

linear (R ‘  > 0.99) release o f  both components (Figure 3.25) was observed. However, the 

dissolution rates differed s ign ifican tly  from those obtained in water fo r the form  11 

cocrystal, it was found that SD dissolved at a 1.3-fold lower rate and 4-ASA  at a 1.5- 

fold lower rate than the corresponding pure components in water (Table 3.4).
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Figure 3.25: Dissolution profiles o f the SD:4-ASA 1:1 form II cocrystal in water and in 0.1% 

(w/v) PVP solution at 37 °C. Open diamonds and triangles symbolise SD and 4-ASA in water, 

respectively. Closed diamonds and triangles represent SD and 4-ASA in PVP solution, 

respectively.
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For comparison, the dissolution behaviour o f a physical equimolar mixture ot'SD and 4- 

ASA was studied. The corresponding dissolution profiles are shown in Figure 3.26. 

Both components showed linear profiles (R ' > 0.99), although 4-ASA dissolved 

in itia lly  faster, followed by a slower linear release. The dissolution rate o f  SD from the 

physical mixture did not d iffer significantly to pure SD, but was 1.3-foid and 1.5-fold 

lower than from the form I and form II (in water) cocrystal, respectively (Table 3.4). 

The dissolution rate o f  4-ASA from the physical mixture was in itia lly  high, but more 

than 3-fold lower than pure 4-ASA, and revealed a slower dissolution from 10-60 

minutes (lim iting  rate) o f  more than ha lf o f the initial rale (Table 3.4, Figure 3.26). 

When compared to the form I and form II cocrystal (in water), the 4-ASA dissolution 

rate was 1.6-fold and 1.3-fold lower from the physical mixture (with respect to its 

lim iting  rate) (Table 3.4).

3.5E-02

3.0E-02

2.5E-02

S 2.0E-02
05

TO 1.5E-02

S 1.0E-02
03

O

^  5.0E-03

O.OE+00 - r -

30 40
Time (min)

Figure 3.26: Dissolution profiles of SD:4-ASA 1:1 physical mixture in water at 37 °C. 

Diamonds symbolise SD, triangles represent 4-ASA. The dashed line refers to the initial rate of 

4-ASA.
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Analysis o f the physical m ix compact surface at the end o f the study by IR and PXRD 

showed that the surface composition had changed. As illustrated in Figure 3.27 a, IR 

spectroscopy detected the absence o f bands attributed to 4-ASA and the appearance o f 

two weak bands, visible at around 778 and 700 cm"' indicative o f the form I cocrystal. 

Analysis by PXRD confirmed the presence o f the form 1 cocrystal attributed to the 

characteristic diffraction peaks at around 10.25 and 13.75° 20 (Figure 3.28 a). In 

contrast to the IR analysis, the PXRD pattern o f the physical mixture after dissolution 

displayed still diffraction peaks corresponding to 4-ASA. This may be explained by a 

greater penetration depth o f the X-rays into the compact compared to the IR beam using 

the ATR-FTIR technique.
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Figure 3.27: IR spectra o f compact surfaces o f a) SD:4-ASA 1:1 physical mixture, after 

dissolution compared to b) SD:4-ASA 1:1 physical mixture, before dissolution, c) SD;4-ASA 

1:1 form 1 cocrystal, before dissolution, d) 4-ASA, before dissolution and e) SD, raw material, 

before dissolution.
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Figure 3.28: PXRD patterns o f  compact surfaces o f  a) SD;4-ASA I ; 1 physical m ixture, after 

dissolution compared to b) SD;4-ASA 1:1 physical mixture, before dissolution, c) Sn;4-ASA  

1:1 form I cocrystal, before dissolution, d) 4-ASA, before dissolution and e) SD, raw material, 

before dissolution.
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C haracterisa tion  o f  the surface m orp h o lo g y  o f  the com pac ts  before and after d issolution 

w as  perfo rm ed  by SEM  analysis. T he  p ictures are illustrated in Figure 3.29 and Figure 

3.30.

F igure 3.29: SEM images o f  disk surfaces before dissolution o f  a) SD, b) 4-ASA compared to 

disk surfaces after dissolution o f  c) SD and d) 4-ASA,

Figure 3.30: SEM images o f  disk surfaces before dissolution o f  a) SD:4-ASA 1:1 form I 

cocrystal, b) SD;4-ASA i;l  form II cocrystal, c) a physical mixture compared to disk surfaces 

after dissolution o f  d) SD:4-ASA 1:1 form 1 cocrystal, e) SD:4-ASA I : I form II cocrystal and f) 

a physical mixture.
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Each compact surface before dissolution appeared relatively smooth and hom ogenous 

(Figure 3.29 a -b ,  Figure 3.30 a-c),  whereas after dissolution distinctly texturised 

surfaces with voids indicative o f  the release o f  component(s) were observed (Figure 

3.29 c -d .  Figure 3.30 d - t) .  When comparing the pure components, 4-A SA  showed 

larger voids than SD, likely to be a result o f  its faster dissolution (Figure 3.29 c-d ) .  The 

surface o f  the form 1 cocrystal after dissolution (Figure 3.30 d) revealed smaller cavities 

than the pure components, but larger and less uniform in m orphology than the form II 

cocrystal (Figure 3.30 d-e). On the other hand, the physical mixture (Figure 3.30 0  

showed a less uniform surface with larger gaps than the form I cocrystal, but the surface 

m orphology was different compared to the single components. From all materials, the 

form II cocrystal revealed the smallest gaps after dissolution (Figure 3.30 e). 

Considering the dissolution behaviour o f  the composite systems, the larger gaps o f  the 

physical mixture compared to the form I cocrystal might be a result o f  the faster initial 

release o f  4-ASA from the physical mixture, while the little gaps observed for the form 

II corystal might be attributed to the lower 4-ASA dissolution when compared to the 

form 1 cocrystal and the physical mixture (with respect to its initial rate).

In summary, the results from the dissolution studies have shown that both SD:4-ASA 

1:1 cocrystals, form I and form II, revealed enhanced dissolution rates o f  the poorly 

water soluble SD in comparison to a physical equimolar mixture and pure SD. Besides, 

the component dissolution rates were in the same rank order as the corresponding 

solubilities. For example, for the form 1 cocrystal, the ratio o f  SD:4-ASA was 1:1.3 for 

the dissolution rates and 1:1.4 for the solubilities. Similarly, for the form 11 cocrystal, 

the SD:4-ASA ratios were found to be 1:0.8 in the case o f  the dissolution rates and 

1:0.6 in the case o f  the solubilities (refers to data in PVP solution). When comparing the 

two cocrystal forms, form II revealed a higher dissolution rate o f  SD and a lower 

dissolution rate o f  4-ASA than form I. These findings were in agreement with the 

results from solubility studies (referring to dynamic solubilities in the case o f  form II 

and referring to solubilities from transition concentrations - equilibrium solubility in the 

case o f  form 1). Furthermore, the dissolution rates o f  the form II cocrystal measured in 

water and in 0.1% (w/v) PVP solution differed significantly, although the dissolution 

kinetics were linear (with zero origin) in both media. The dissolution rates o f  both, SD 

and 4-ASA were significantly lower in 0.1% (w/v) PVP solution than those determined 

in water.
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T hese results m ight relate to the findings from the dynam ic  solubility  studies, at least in 

the case o f  SD, w here , for pure SD, the concen tra tions at the early  sam pling  t im es were 

low er in 0 .1%  (w /v) PVP solution  com pared  to water. A sim ilar case has been reported 

by Gibaldi and W ein traub  (1968) for the dissolution and solubility  o f  salicylic ac id /PV P 

com pressed  m ixtures. T he  decreased  d isso lu tion  rate o f  salicylic acid in the p resence o f  

PVP w as exp la ined  as a result o f  the increased v iscosity  in the d iffusion layer and the 

consequen tly  sm aller  d iffusion coeffic ien t (Gibaldi and W eintraub, 1968). T h e  sam e 

assertion can be m ade  for the ob ta ined  d issolution rates o f  SD  and 4 -A S A  since the 

m easured  v iscosity  o f  a 0 .1%  (w /v) P V P solution was 0.79 m Pa-s  in com par ison  to 

water, which revealed a low er value o f  0.72 mPa-s.

For a physical eq u im o la r  m ix tu re  o f  SD  and 4 -A S A  it w as show n that 4 -A SA  dissolved 

fast initially, leaving a layer o f  SD  and form I cocrystal behind. T he p resence o f  the 

form 1 cocrystal at the su rface  o f  the com pac t indicated that the cocrystal can be form ed 

from water, possib ly  induced  by the in itially  faster release o f  4 -A S A  com pared  to SD, 

generating  a satura ted  solution  (with respect to 4 -A S A ) in the su rround ing  layer, from 

which the cocrystal precipita tes after SD  has been re leased into solution. T hese  findings 

can be expected  from the estab lished  pH -so lub il i ty  profile (F igure  6.2) as presented  

under section 3.3.3, p. 77. Besides , the physical m ixture  revealed  a faster initial release 

o f  4 -A S A  than the form I and form II cocrystal which is assum ed  to be a result o f  the 

absence o f  in term olecu la r  forces such as hydrogen-bonds. S im ilar  findings have been 

dem onstra ted  for the physical m ix ture  and the cocrystal o f  benzan iide  and d ibenzyl 

sulfoxide described  in C h ap te r  2.

C haracterisation  o f  the com pac t  surfaces after d issolution  by SE M  analysis  revealed  for 

all m ateria ls  d is t inc tive ly  tex turised  su rface  m orpho log ies  with voids o f  d iffe ren t sizes 

attributable  to the com ponen t(s)  re lease rates.
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3.3.5 SD:4-ASA 1:1 form I and form II cocrystal -  stability studies 

Dynamic vapour sorption (DVS)

The dynamic vapour sorption and desorption isotherms o f  the form 1 and form II 

cocrystal are illustrated in Figure 3.31. In comparison to the form 11 cocrystai, the form 

1 cocrystal sorbed less water over the entire humidity range. The maximum water 

sorption o f  the form I cocrystal was below 0.3%, where most water was sorbed between 

70 and 90%. The desorption behaviour was similar with a slight hysteresis effect in the 

humidity range o f  90 to 40% RH, followed by merging with the sorption profile below’ 

40% RH. In contrast, the form 11 cocrystal showed a maximum water sorption below 

1% and showed a relatively strong increase in water sorption between 70 and 90% RH. 

The desorption behaviour was similar and associated with a small hysteresis effect over 

the entire humidity range.

PXRD analysis o f  the materials recovered at the end of the experiment (0% RH) and at 

90% RH revealed no changes compared to the starting materials (Figure 3.32), which 

confirmed that both cocrystal forms remained unchanged under DVS experimental 

conditions.
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Figure 3.31: Moisture sorption and desorption profiles of SD:4-ASA l;l form 1 (closed and

open triangles) and form I! (closed and open diamonds) cocrystal at 25 °C.

96



Chapter 3; Co-grinding and co-spray drying

c
cu

5 10 15 20 25 30
Diffraction angle (20)

35 40

Figure 3.32: PXR[) patterns before and after DVS experiments, a) SD:4-ASA 1:1 form II 

cocrystal, recovered after DVS at 90% RH, b) SD;4-ASA 1:1 fonn II cocrystal, recovered after 

DVS at 0% RH, c) SD:4-ASA 1:1 form II cocrystal, before DVS study, d) SD:4-ASA !:! form 

1 cocrystal, recovered after DVS at 0% RH and e) SD;4-ASA 1:1 form I cocrystal, before DVS 

study.

From the DVS studies, it can be summarised that the form 1 and form II cocrystals were 

stable when exposed to different humidities between 0 and 90% RH. Referring to the 

hygroscopicity classification system established by M urikipudi et al. (2013) on the basis 

o f  sorption analysis, the form 1 and form 11 cocrystals can be classified as “ slightly 

hygroscopic”  due to their water uptake ranging between 0.2-2% (w/w). The generally 

higher water sorption o f the form II cocrystal compared to the form 1 cocrystal is 

possibly attributed to differences in the specific surface area o f the materials (not 

controlled) resulting from the different methods which have been used for cocrystal 

production. As it was shown from characterisation by solid state NMR, the form I 

cocrystal was more ordered (crystalline), whereas the form I! cocrystal showed 

amorphous-like behaviour. Amorphous materials tend to sorb more water vapour than 

crystalline materials, which would explain the DVS results o f the form II cocrystal 

relative to form I.
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Long-term stability studies

The investigation o f  the form I and form II cocrystals vary in their stability w ith time 

revealed that both forms did not undergo changes over 12 months storage under 

conditions o f 60% RH at 25 °C. This was contlrmed by PXRD analysis as displayed in 

Figure 3.33 and Figure 3.34, which showed that the diffraction patterns remained 

unchanged over the entire time for both, the form I (Figure 3.33) and the form II 

cocrystal (Figure 3.34).
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Figure 3.33: PXRD patterns o f the SD;4-ASA 1; I form 1 cocrystal, a) Before the study and 

analysed at different time points during long-tenn stability test; b) I month c) 2 months d) 6 

months e) 12 months.
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Diffraction angle (29)

Figure 3.34; PXRD patterns o f the SD:4-ASA 1:1 form II corystal. a) Before the study and 

analysed at different time points during long-term stability test: b) 1 month c) 2 months d) 6 

months e) 12 months.

Further characterisation by DSC (Figure 3.35, Figure 3.36) and IR spectroscopy 

(Appendix 2, Figure A .2.13 and Figure A .2.14) was consistent with the results from 

PXRD. No substantial changes in the thermal behaviour and the IR spectra o f the form 1 

(Figure 3.35, Appendix 2 - Figure A .2.13) and form 11 (Figure 3.36, Appendix 2 - 

Figure A.2.14) cocrystal occurred over 12 months at the given storage conditions.

99



Chapter 3; Co-grinding and co-spray drying

exo

o
CNJ

200 225100 125

Temperature (°C)

150 175

Figure 3.35: DSC thermograms o f the SD:4-ASA 1:1 form 1 cocrystal, a) Before the study and

analysed at different time points during long-term stability test; b) 1 month c) 2 months d) 6 

months e) 12 months.
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Figure 3.36: DSC thermograms o f the SD;4-ASA 1: 1 form II corystal. a) Before the study and 

analysed at different time points during long-temi stability test: b) I month c) 2 months d) 6 

months e) 12 months.

100



Chapter 3; Co-grinding and co-spray drying

Analysis  by H PL C  show ed  that both m ateria ls  did  not undergo  chem ical changes  during 

the stability  study. As show n in F igure 3.37 and T ab le  3.5, the concen tra tions  o f  the 

tbrm 1 and tbrm  11 cocrystal have not changed  s ign ifican tly  (ICH  guidelines  O ctober, 

1993) and the S D :4 -A S A  m olar  ratio rem ained  s table over tim e. H ow ever,  the SD :4- 

A S A  m olar  ratio d iffered betw een form I and form 11. T he  form II cocrystal revealed  an 

approx im a te ly  6%  low er m olar 4 -A S A  am oun t than form I (Table  3.5). Analysis  by 

liquid N M R  has further confirm ed  this d iffe rence in s to ich iom etry  o f  the tw o forms. 

Details can be found in A ppendix  2, F igure A .2.15 and  T ab le  A .2.2.

Time (months)

Figure 3.37: Chemical stability o f  the SD;4-ASA 1:1 form I (triangles) and form II (diamonds) 

cocrystal over 12 months storage at 60% RH and 25 °C, analysed by HPLC. The SD;4-ASA 

molar ratio corresponding to each data point is presented in Table 3.5.
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Table 3.5: Molar concentration ratios o f  the SD;4-ASA I;1 form I and form II cocrystal 

determined by HPLC during long-term stability test.

Te.st time (months) form 1 cocrystal form II cocrystal

0 1:0.97 1:0.92

1 1:0.98 1:0.90

2 1:0.97 1:0.92

6 1 ;0.98 1:0.93

12 1 :G.97 1:0.91

In su m m ary ,  the resu lts  o f  the long-term  stability  study  have show n that the form I and 

form II cocrystal w ere  stable over  12 m on ths  at s torage conditions  o f  6 0 %  RH and  25 

°C, w hich  w as co n f irm ed  by the consis tency  o f  P X R D , D SC , FTIR and H PL C  data. 

M oreover,  it w as  found that the form II cocrystal (p roduced  by  sp ray  d ry ing )  d iffered 

from the form I cocrystal (p roduced  by  liqu id-assis ted  m illing) in its s to ich iom etry , 

w here  the m o lar  4 -A S A  am o u n t  w as found to be approx im a te ly  6%  low er co m p ared  to 

form I.

W hen co m paring  the d iffe ren t m ethods used to p roduce  the cocrysta ls ,  spray d ry ing  is a 

techn ique  w hich  requ ires  hea t and w o rk s  under fast evaporation  from a liquid into a 

solid  m ateria l,  cond itions  w hich  are d iffe ren t to l iquid-assisted  milling. It is sugges ted  

that the low er 4 -A S A  am o u n t  o f  the form  I! cocrystal,  ob ta ined  by sp ray  d ry ing  m ight 

be a result o f  sub lim ation  or evapora tion  occurring  during  processing.
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3.3.6 SD:4-ASA 1:1 form II cocrystal - structure determination

For determination o f  the crystal structure using single crystal X-ray diffraction (SC- 

XRD), several attempts were made to grow single crystals o f  sufficient size o f  the form 

II cocrystal, where it was found that single crystals in the form o f  needles can grow 

from ethanol and acetone by solvent evaporation at elevated temperature using a 1:1.1 

SD:4-ASA ratio (for details, see method description 3.2.2.15). Characterisation o f  the 

obtained crystals by PXRD and DSC confirmed consistency with the spray-dried 

product (Appendix 2, Figure A.2.16 and Figure A.2.17). The stoichiometry was 

determined by HPLC and a molar ratio o f  SD:4-ASA o f  1:0.99 was found (data not 

shown).

However, due to observed non-crystallographic systematic absences, the structure could 

not be solved in a first step. Further investigations were undertaken and will be 

explained later.

Alternatively, the PXRD technique was used to determine the crystal structure, which 

has been reported to be a successful tool when single crystal data cannot be obtained 

(Harris and Cheung, 2004; Lapidus et al., 2010). The use o f  high resolution laboratory 

X-ray pow der diflraction data enabled the crystal structure o f  the form II cocrystal to be 

solved and refined and confirmed the presence o f  a polymorphic form o f  the SD:4-ASA 

1:1 cocrystal. It was found that the form II cocrystal reveals an orthorhombic unit cell 

with P 2 |2 |2 |  space group, whereas the form I cocrystal was reported to exist in a 

triclinic unit cell with space group P-1 (Caira, 1992). A summary o f  the 

crystallographic data is presented in Table 3.6 and full details can be found in Appendix 

2, Tables A .2.3-A.2.7.
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T a b le  3.6: Crystallographic data o f  the SD:4-ASA 1 :l form I cocrystal (Caira, 1992) com pared 

to the form I! cocrystal (based on PXRD calculations).

Lattice param eter form 1 form II

Space group Triclinic, P-1 Orthorhombic, P 2 |2 |2 i

Appearance Prisms Needles

Unit cell parameters

a 8 . 2 0 5 ( 6 ) A 23.8057 (16) A
b 9 .4 4 9 (3 )  A 7.8125 ( 5 ) A
c 14.161 (2) A 11.2661 (9) A
a 107.02 (2 )" 90 "

P 92.29 (4) " 9 0 "

Y 105.85 ( 4 ) “’ 90 "

Volume 1001 .27(1) A ’ 2095.3 (3) A ’
T em perature  ( K ) 298 298

p (calc.) / g cm "’ 1.431 1,3342

W avelength (A) - 1.5406

R-exp (%)* - 1.682

R -p(% )* - 5.142

R-wp (%)* - 7.633

R B r a g g - 5.84
*>

X ' - 4.538

Starting angle (° 20) - 5.0

Final angle (° 20) - 95.0

Step width (° 20) - 0.0086

T h e  c ry s ta l  s t ru c tu re  o f  th e  form  11 c o c ry s ta l  c a lc u la te d  from  P X R D  d a ta  is i l lu s tra ted  in 

F ig u re  3 .3 8  a n d  w a s  c o m p a r e d  to  th e  s t ru c tu re  o f  th e  fo rm  1 c o c ry s ta l ,  b a s e d  on s in g le  

c rys ta l  d a ta  (C a ira ,  1992) (F ig u re  3 .3 9 ) .  T h e  un i t  cell v o lu m e  o f  th e  fo rm  II w a s  fo u n d  

to  b e  a lm o s t  d o u b le d  to  th a t  o f  the  f o n n  1 c o c ry s ta l ,  p o s s ib ly  d u e  to  a  d i f f e r e n c e  in 

m o le c u la r  p a c k in g  t le x ib i l i ty ,  th u s  p o s in g  to rs io n a l  re s t r ic t io n s  (T a b le  3 .6 ) .  T h e  S D  

m o le c u le s  in th e  n e w  c o c ry s ta l  a d o p t  a  c a g e - l ik e  a r r a n g e m e n t ,  w i th  4 - A S A  m o le c u le s  

a l ig n e d  d ia g o n a l ly  a c ro s s  th e  c a v i ty  (F ig u re  3 .38) .  U n l ik e ,  in the  fo rm  I c o c ry s ta l  

(C a ira ,  1992), th e  4 - A S A  a n d  th e  d im e th y lp y r im id in e  p o r t io n  o f  S D  a re  e s s e n t ia l ly  

c o p la n a r ,  fo rm in g  sh e e ts  w i th  an  in te r la y e r  d is ta n c e  o f  3 .4 0 9  A a n d  re s u l t in g  in a s l ig h t  

in c re a se  in d e n s i ty  (F ig u re  3 .39) .
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Figure 3.38: Crystal structure o f  the SD;4-ASA I;1 form II cocrystal (calculated from PXRD 

data) viewed along the a axis.

Figure 3.39: Crystal structure o f  the SD ;4-A SA  1:1 form ( cocrystal (determined from single 

crystal data by Caira, 1992) v iew ed along the h axis.
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Intermolecular interactions in the form o f  hydrogen bonding o f  SD and 4-ASA in the 

form II cocrystal were found between C-H N and C-H O involving the amidine and 

sulfoxy group o f  SD and the aromatic hydrogens o f  4-ASA (Figure 3.40). In contrast, 

the form I cocrystal (Caira, 1992) shows hydrogen-bond preferences o f  0 - H  N and N- 

H O between the amidine moiety o f  SD and the acid group o f  4-ASA (illustrated 

earlier in Figure 3.12).

Figu re  3.40:  M o le c u la r  in te rac t ions  in the  S D ;4 -A S A  1:1 form  II co c rys ta l  ca lc u la ted  from  

P X R D  da ta  (do tted  b lack  lines  indicate h yd rogen  b o n d s  and  the  n u m b e rs  rep resen t  the  

c o r re sp o n d in g  b o n d  length).

These findings clearly elucidated the structural difference o f  the form 11 cocrystal to the 

form I cocrystal and therefore confirmed that a polymorph has been generated.

On closer inspection o f  the initially obtained data from single crystal X-ray diffraction 

it was hypothesised that the SD:4-ASA 1:1 fonn II cocrystal could be a modulated 

phase: Instead o f  a typical 3-dimensional periodic crystal, an aperiodic crystal is 

present.

Further data were collected at Diamond Light Source, the British national synchrotron 

facility. The use o f  synchrotron radiation (a higher intensity source) was chosen in order 

to ensure measurement o f  all possible reflections, including weaker satellite reflections.
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F ro m  th e  r e su l t in g  d a ta  an o r th o rh o m b ic  un i t  cell o f  a = 2 2 .3 4 9 (4 )  A, b = 7 .6 5 9 7 (5 )  A, 
c = 4 7 . 138(3) A c o u ld  b e  in d e x e d .  H o w e v e r ,  b y  c a re fu l ly  e x a m in in g  th e  re c o n s t ru c te d  

p re c e s s io n  im a g e s ,  it b e c a m e  a p p a re n t  tha t  th is  m o le c u la r  s t ru c tu re  re v e a ls  an  u n u su a l  

fo rm  o f  tw in n in g  ( tw in n in g  is d e s c r ib e d  as  th e  in te rg ro w th  o f  tw o  in d iv id u a l  c ry s ta ls  o f  

th e  s a m e  s p e c ie s  (B u e rg e r ,  1945)) , w h e r e  no t  all re f le c t io n s  c o u ld  be in d e x e d  b y  a tw in  

m o d e l .  F ro m  th is  o b s e rv a t io n  it w a s  c o n c lu d e d  th a t  th e  ac tu a l  c ry s ta l  is c o m p o s e d  o f  

tw o  p h ases :  O n e  o r th o rh o m b ic  un i t  cell a n d  o n e  m o n o c l in ic  tw in n e d  un it  cell th a t  re su l t  

in th re e  in d iv id u a ls  as  i l lu s tra ted  in F ig u re  3 .41 . T h e  id e n t i f ie d  o r th o rh o m b ic  un it  cell 

( a b o v e )  in d ex  all c o l le c te d  r e f le c t io n s  w h ic h  e m b e d s  th e  tw o  phases .  T h e s e  p h a s e s  c o u ld  

b e  in d e x e d  w ith  a tw in n e d  m o n o c l in ic  un it  cell (m a rk e d  in b lu e  and  red )  a n d  an 

o r th o r h o m b ic  un it  cell ( m a rk e d  in g re e n ) ,  w h e re a s  th e  m o n o c l in ic  ( tw in n e d )  un it  cell 

r e v e a le d  p a ra m e te r s  o f  a = 2 2 .3 9 6 7 (  18) A, b = 7 .6 6 4 5 (2 )  A, c = 2 6 .0 7 9 3 (  13) A a n d  p =  

1 1 5 .3 0 6 (8 )  " a n d  th e  p a ra m e te r s  o f  th e  o r th o rh o m b ic  u n i t  cell w e re  a = 2 2 .3 4 7 (4 )  A, 
b = 7 . 6 6 17(6) A, c = 2 3 .5 7 4 8 (  16) A (F ig u re  3 .41 ) .

Figure 3.41: The reconstructed /?// layer o f  the SD:4-ASA 1 ;1 form II cocrystal with an overlay 

o f  the three possible unit cells. The green unit cell is the orthorhombic unit cell and the blue and 

red unit cells are the two twinned monoclinic cells.
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Such a crystal pattern arises when the moiecuies have a free choice o f  either packing in 

a monociinic or an orthorhombic fashion and can be described by a scheme as 

illustrated in Figure 3.42. A similar structure has been reported for one metal oxo-halide 

(Hugonin et a!., 2009).

m o n o c l in ic  reg im e orth o rh o m b ic  reg im e

F ig u re  3 .42: Schem atic illustration o f  two crystals phases (m onoclin ic  and orthorhombic) in 

one crystal.  The black and green circles sym bolise  one m olecu le  each.

The difficulty is that the two phases need to be solved and refined together from the 

overall (total) orthorhombic unit cell. The parameters o f  the two phases determined so 

far are o f  non-standard space group settings and the symmetry o f  them has to be 

established before a final crystal structure can be produced. Nevertheless, it is already 

observed that the hydrogen bonding preferences o f  SD and 4-ASA in the structures 

occur between the amidine moiety o f  SD and the acid group o f  4-ASA as is reported for 

the form 1 cocrystal (Caira, 1992) and in contrast to the result obtained from the PXRD 

derived crystal structure data. Moreover, once the correct symmetry o f  the cocrystal 

structures has been resolved, the scheme shown in Figure 3.42 can be described more 

precisely for the case o f  this cocrystal.
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it can be summarised that the SD:4-ASA 1;1 form 11 cocrystal can also be formed by 

solvent evaporation from ethanol or acetone by forming needle-like crystals. Elevated 

temperatures and non-equimolar starting amounts with 4-ASA in excess were required 

in order to obtain an equimolar product. These findings indicated that the form II 

cocrystal requires energy in the form o f  heat to be generated which, however, leads to a 

mass loss o f  4-ASA and has to be balanced.

The use o f  PXRD data enabled a crystal structure to be determined, showing that the 

cocrystal exists in an orthorhombic unit cell, in which the SD molecules interact with 4- 

ASA by forming hydrogen bonds in the form o f  C-H N and C-H O involving the 

amidine and sulfoxy group o f  SD and the aromatic hydrogens o f  4-ASA.

However, investigations from single crystal X-ray diffraction (SC-XRD) analysis 

showed that the cocrystal structure is more complex. It is suggested that the form II 

cocrystal exists in two intergrown polymorphs. The use o f  synchrotron radiation 

enabled confirmation o f  the presence o f  two cocrystal cells, which are embedded in a 

large orthorhombic unit cell. The hydrogen bonding motifs o f  SD and 4-ASA in the 

structures are expected to be similar to the form 1 cocrystal (Caira, 1992) and thus 

different to the results from PXRD data. However, due to the complexity, 

crystallographic details o f  the two cocrystal structures are not yel available and are 

currently under investigation.

Although not complete, the obtained single crystal X-ray diffraction data are o f  high 

quality due to the high standard o f  the technique using synchrotron radiation. In the 

case o f  more complex structures such as the SD :4-ASA form II cocrystal, crystal 

structure results based on PXRD data will be inferior compared to SC-XRD. Further 

advancement in the methodology o f  crystal structure indexing using the PXRD 

technique would be required.
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3.4 Conclusions

In this study, dry and liquid-assisted milling and spray drying were examined for the 

fonnation o f  sulfadimidine:4-aminosalicylic acid (SD:4-ASA) cocrystals using different 

molar ratios (1:2, 1:1, 2:1). Solid state, solubility and dissolution properties were 

investigated. It was shown that cocrystals can be generated by liquid-assisted milling 

and spray drying, while this was not possible using dry milling. SD and 4-ASA formed 

only 1:1 cocrystals. Cocrystals o f  other stoichiometry (1:2 and 2:1) have not been 

observed. Dry co-milling and co-spray drying o f  SD and 4-ASA induced amorphisation 

to different extents, which was not evident for liquid-assisted milling. By liquid-assisted 

milling the SD:4-ASA 1 :l form I cocrystal was formed. By spray drying a polymorphic 

form (form II) o f  the SD:4-ASA 1:1 cocrystal v^as discovered which could also be 

obtained by solvent evaporation from ethanol and acetone. Liquid-assisted milling from 

a 1:1 component ratio generated a cocrystal o f  equivalent molar ratio. In contrast, spray 

drying had shown to induce a mass loss o f  4-ASA which resulted in the formation o f  a 

non-equim olar cocrystal after being spray-dried from an equimolar SD:4-ASA solution. 

The solubility o f  the SD:4-ASA 1:1 cocrystal was dependent on the pH and could be 

predicted by a model established for a two amphoteric component cocrystal. The form I 

cocrystal was found to be thermodynamically more stable in aqueous solution than form 

II, which showed transformation to form 1. The addition o f  PVP to the solution enabled 

the form II cocrystal to be stabilised. Despite the stability difference, the solubilities o f  

the fonn 1 and form II cocrystal were found to be similar. The presence o f  amorphous 

uncomplexed SD in the form II cocrystal induced a supersaturated solution with respect 

to SD. Intrinsic dissolution studies revealed that the dissolution rate o f  the poorly water 

soluble SD from both cocrystal forms was enhanced when compared to a physical 

equim olar mixture and SD alone. The dissolution rates were consistent with the 

corresponding solubilities. Both cocrystal forms were slightly hygroscopic and stable 

on a long-temi storage.

Structure determination o f  the discovered SD:4-ASA 1:1 fonn II cocrystal revealed an 

unusual and complex crystal structure. The presence o f  two polymorphic forms in one 

cocrystal is suggested and will be further investigated.
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Chapter 4: Spray drying potential on cocrystal formation

4.1 Introduction

A recent approach  to the form ation o f  cocrysta ls  is the use o f  spray drying, as 

dem onstra ted  by Alhalavveh and V elaga (2010) and further by the study described  in 

C hap ter  3 o f  this thesis. T he  w ork  presented  in C h ap te r  3 has show n that l iqu id-assis ted  

m illing  o f  su lfad im id ine  (SD ) and 4 -am inosa licy lic  (4 -A S A ) in an eq u im o la r  ratio  using 

ethanol results  in the form ation  o f  the sam e S D :4 -A S A  1:1 cocrystal (form  1) as that 

reported prev iously  by C aira  (1992), w hile  sp ray  d ry ing  from ethanol (and solvent 

evaporation  at e leva ted  tem pera tu re)  leads to a new , po lym orph ic  form (form II) o f  the 

cocrystal. T hese  results suggested  that sp ray  d ry ing  offers  the potential to screen for 

new  cocrystal forms or po lym orph ic  forms o f  cocrys ta ls  w hich  cannot be  obta ined  by 

the liquid-assisted  m illing  route. Hence, one o f  the ob jectives  o f  the fo llow ing  study 

w as to investigate  i f  o ther cocrystals ,  co m p o sed  o f  su lfad im id ine  and an arom atic  

carboxylic  acid are able to form po lym orph ic  forms o f  know n cocrystals  w hen prepared 

by spray drying. Therefore , two know n cocrysta ls  w ere  selected; the 

su lfad im id ine :benzo ic  acid (S D :B A ) 1:1 cocrystal (C aira  et al., 1995; A rm an  et al., 

2010) and the su lfad im id ine :sa licy lic  acid (S D :S A ) 1:1 cocrystal (Patel et al., 1988; 

Caira  et al., 1995). For each o f  the cocrysta ls  on ly  one  crysta lline form has been 

reported, w hich  can be  ob ta ined  by crysta llisa tion  from  solution or by so lid  stale 

grind ing  (dry g rind ing) (C aira  et al,, 1995). In addition , the formation o f  the S D :4 -A S A  

1:1 cocrystal using crysta llisa tion  m ethods o ther than those  reported  in C h ap te r  3 was 

studied in this work. A n o th er  ob jective  w as  to screen  if  su lfad im id ine can form 

cocrystals  with o ther a rom atic  carboxylic  acids such  as n icotin ic  acid (N A ) and 

pyraz ine-2-carboxy lic  ac id  (PC A ).

T he fmal goal w as the overall eva lua tion  o f  cocrysta ll isa tion  o f  su lfad im id ine  with 

arom atic  carboxylic  ac ids by m eans  o f  sp ray  d ry ing  and  to co m p are  the products  

formed with those obta ined  by o ther  crysta llisation  m ethods  such as l iqu id-assisted  

milling, so lvent evaporation  and cooling  crystallisation.

4.2 Materials and Methods  

4.2.1 Materials

Sulfad im id ine (SD), benzoic  acid (BA), salicylic ac id (SA ), 4 -am inosa l icy l ic  ac id (4- 

A SA ), nicotinic acid (N A ), py raz ine-2-carboxy lic  acid  (P C A ) and pyrid ine-2- 

carboxylic  acid (PA ) w ere  purchased  from S igm a-A ld rich  (Ireland). Ethanol (E tO H )
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and  ace tone  (M e 2C O ) w ere  supp lied  from C orcoran  C h em ica ls  (Ireland). M ethanol 

(M e O H ) and  acetonitr ile  (M eC N ) w ere  purchased  from Fisher Scientific  (Ireland).

4.2.2 Methods  

4.2.2.1 Milling (liquid-assisted, LAM)

L iquid-assis ted  m illing  w as p e r fo rm ed  for 30  m inu tes  using  a 1;1 m o la r  ratio o f  

su lfad im id in e  and the re levant a rom atic  carboxy lic  acid. Further details  o f  the process 

are described  in C h ap te r  3.

4.2.2.2 Spray drying (SPD)

Spray  dry ing  w as perfo rm ed  using  a Biichi B -290 Mini Spray  D ryer opera t ing  in the 

c lo sed -m o d e  using n itrogen as d ry ing  gas. T he  d ry ing  gas  w as  recircu lated  using  the B- 

295 inert loop. Solution concen tra t ions  o f  0 .5 -2 %  (w /v) o f  su lfad im id ine  and  acid  in a 

1;1 m o la r  ratio w ere  p repared  using  d ifferent so lvents  such as e thano l,  m ethanol,  

acetonitr ile  and acetone. T he  so lu tions  w ere  delivered  to a 2 - t lu id  a tom iza tion  nozzle  

u s ing  a peristaltic  pum p at a p um p  speed  o f  30 %  ( 9 - 1 0  m l/m in) and the asp ira to r  w as 

opera ted  at 100%. T h e  l lo w m ete r  for the s tandard  2-flu id  nozzle  w as set at 4 cm  which 

is equ iva len t to 473 N orm litres  per hour (N l/h) o f  gas flow in nornial conditions  

(p = 1 013 .25  m bar and  T =273 .15  K) (Biichi Labortechnik , 93001). T he  inlet tem pera tu re  

varied  be tw een  7 0 -8 2  °C , d epend ing  on the so lvent used. Details  o f  sp ray  d ry ing  

co n d it io n s  can be found in A pp en d ix  3, T ab le  A .3.1.

4.2.2.3 Solvent evaporation (SEV)

E q u im o la r  m ix tures  o f  SD  and  the acid  o f  2 0 -1 0 0  m g  w ere  d isso lved  in an excess  o f  

so lven t at am bien t tem perature . T he so lu tions w ere  covered  with  a p ierced  parafi lm  and 

left u n d er  am bien t  cond itions  until the so lvent w as com ple te ly  evaporated .

4.2.2.4 Cooling crystallisation (CCR)

C o o lin g  crysta llisation experim en ts  w ere  perfo rm ed  in a heated w ate r  bath. Physical 

m ix tu res  o f  eq u im o lar  ratio  o f  SD  and acid w ere  used and satura ted  so lu t ions  w ere  

p repared  by d isso lv ing  a suffic ient am oun t o f  the mix in 2 ml o f  the re levan t so lven t at 

the bo il ing  point o f  the solvent. T h e  tubes w ere  sealed  with a lid and  the w a te r  bath w as 

tu rned  o f f  to  a llow  slow  cooling  until am bien t tem pera tu re  w as reached.
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4.2.2.5 X-ray Diffraction

4.2.2.5.1 Powder X-ray diffraction (PXRD)

as described in Chapter 2

4.2.2.5.2 Single crystal X-ray diffraction (SC-XRD)

The analysis was performed by Thomas M cCabe (School o f  Chemistry, Trinity College 

Dublin, Ireland). Crystal data were collected on a Rigaku Saturn 724 CCD 

Diffractometer. A suitable crystal was selected and mounted on a glass fiber tip and 

placed on the goniometer head in a 123K N t gas stream. The data was collected using 

Crystalclear-SM 1.4.0 software. Data integration, reduction and correction for 

absorption and polarization effects were all performed using Crystalclear-SM 1.4.0 

software. Space group determination, structure solution and refinement were obtained 

using Bruker Shelxtl Ver. 6.14 software. The structure was solved with Direct Methods 

using the SHELXTL program and refined by full matrix least-squares on F“ for all data 

using SHELXL-97. Non-hydrogen atoms were refined with anisotropic thermal 

parameters. Hydrogen atoms were placed into geometrically calculated positions and 

refined using a riding model. The programs Ortep-3 (Faruggia, 1997) and Mercury 2.3 

(Mercury CSD 2.0, 2008) were used for illustrating the molecular structures. For 

calculation o f  X-ray powder patterns on the basis o f  the single crystal data, the program 

Mercury 2.3 (Mercury C SD  2.0, 2008) was used. Crystallographic c if  files and 

supplementary data are available at http://www.ccdc.cam.ac.uk/data_request/cif 

(Cambridge Crystallograhpic Data Centre, CCDC 903503).

4.2.2.6 Thermal analysis

as described in Chapter 2, w'hereas the temperature range varied between 25 and 270 °C

4.2.2.7 Attenuated Total Reflection - Fourier Transform  Infra-red (ATR-FTIR)  

Spectroscopy

as described in Chapter 2

4.2.2.8 Dynamic vapour sorption (DVS)

as described in Chapter 3
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4.3 R esults  and Discussion

An o v erv iew  o f  the cocrystal co m p o n en ts  and their  physical properties  is given in Table 

4.1.

Table 4.1: Physical and chemical properties o f  sulfadimidine (SD) and aromatic carhoxylic 

acids selected as cocrystal formers. The melting temperatures (T^) and corresponding 

enthalpies o f  fusion (AHr) refer to experimental data shown in Chapter 3 (for SD and 4-ASA) 

and in Appendix 3 (for all other components).

Cocrystal
compound

Structure
Molecular 

weight (g/mol)
pKa values

T „ ,°C  
(AH„ J/g)

SD

CH3

278.33
pKai =  2.79“’ 
pK,: = 7.4“’

197.16 ± 0 . 4 3  
(130.45 ± 6 . 6 0 )

BA I0

1

122.12 pK, = 4 .21'”
1 2 1 . 1 4 ± 0 . 6 9  

(139,43 ± 0.32)*

SA c6 138.12 pKa, =3.00 '- ’ 
pKa2= 13.4'-'*

158.07 ± 0 . 6 8  
(170.06 ± 5.99)*

4-ASA

0

153.14 pK.n =  2.0“’ 
pK,: =  3 .56‘‘’

139.07 i  0.93 
(392.80 ± 7 . 3 3 )* *

NA I0 123.11
pK„ =2.14^-’ 
pKa2 =4.82'-’*

235.65 ± 0.59  
(205.67 ± 7.43)*

PCA 124.10 pKa =2.90*'’
224.74 ± 0 . 3 7  

(798.72 ± 3 2 . 1 1 )*

PA

I0

1

123.11
pKai =1.01®’ 
pKa2 =  5.39«’

136.60 ± 1.03 
(177.35 ±5 ,0 2 )* * *

aj Siikul and Spiteller. 2006 h) Harris. 2010
c) K oltho ff and  Stenger, 1942 d) Newton and Kluza, 1978
e) Nagy and  Takdcs-Novdk. 1997 f )  Zhang et a i , 2003
g) Abdullah and  Tqf'iq, 2010
*sublimes before m elting showing a one stage mass loss (Appendix 3. Figures A. 3 .1 and  A. 3.2) 
* *  associated with decomposition showing a two stage mass loss (see Chapter 3 fo r  details) 
***associated with decomposition showing a one stage mass loss (Appendix 3, Figures A .3.1 
and A. 3.2)
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Sul fa d imid in e  and benzoic  acid

C o-process ing  o f  SD  with  B A  w as initially p e r tb rm ed  using E tOH and  M eO H  as 

solvents. In earlier w ork pub lish ed  by C aira  et al. (1995), it w as  reported  that the 

S D :B A  I;1 cocrystal can be fo rm ed  from E tO H , M eC N  and  M e 2C O . Therefore , 

add it ionally  M eC N  and M e^C O  w ere  selec ted  for cocrysta l screen ing  by the different 

techn iques  such as sp ray  dry ing , liqu id-assis ted  m illing , so lven t evaporation  and 

cooling  crystallisation. For each  so lvent.  T ab le  4.2 p resen ts  a su m m ary  o f  the resulting  

produc ts  ob ta ined  by co -p ro cess in g  o f  SD  w ith  BA, based  on analysis  by P X R D  and 

DSC. Full details  o f  the resu lts  are show n  in A pp en d ix  3.

Table 4.2: Products resulting from co-processing o f  SD with BA using spray drying (SPD), 

liquid-assisted milling (LAM), solvent evaporation (SEV) and cooling crystallisation (CCR). 

The results are based on PXRD and DSC analysis. All diffractograms and thermograms and a 

table with the values o f  the melting temperatures (T^) and corresponding enthalpies o f  fusion 

(AH|) can be found in Appendix 3, Figures A.3.3 -  A.3.10 and Table A.3.2.

Solvent Method and resulting solid phase(s)

SPD LAM SEN C C R

EtOH" cc^> C C ‘'+  SD + BA C C ” + SD

MeOH-’ CC“’ CC" + SD

MeCN^’ CC“’* CC“' CĈ '* + SD + BA C C ” + SD

Me.CO"' CC“* C C '*  -1 SD

I / analysis is shon n in Appendix J, Figure .4.J.J and Figure A .J.4

2) analysis is shown in Appendix 3. Figure A .3.5 and Figure A .3.6

3) analysis is shown in Appendix 3, Figure A .3 .7 and Figure A .3.8

4) analysis is shown in Appendix 3, Figure A.3.9 and Figure A .3.10

a) consistent with cocry’stal (CC) reported by Arman et al.. 2010

^contains traces o fS D  and/or BA which are only detectable by DSC but not by PXRD  

**pure phase (by DSC analysis) when 30%  excess molar amount oj BA is added
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T he results show ed  that irrespective  o f  the fo rm ation  techn ique  and  the so lvent,  the 

sam e cocrystal w as genera ted  and  identified as the S D iB A  1:1 cocrystal,  reported 

prev iously  (A rm an  et al., 2010; Caira  et al., 1995). T he  P X R D  patterns w ere  consis ten t 

with the P X R D  pattern ca lcu la ted  based on sing le  crystal X -ray  data  (A rm an  et al., 

2010). In general,  the P X R D  patterns o f  the spray  dried  and l iquid-assisted  milled 

products  show ed  broader  peaks with  low er d iffraction  in tensities  w hen com pared  with 

those o f  produc ts  ob ta ined  by so lven t evapora t ion  and coo ling  crystallisation. This  was 

assum ed  to be a ttribu ted  to crystal im perfec tions  and /o r the preferred  orien ta tion  effect, 

as was o b served  for o ther  sp ray-dried  and m illed  sam ples  (G rant and York, 1986; 

Corrigan, 1995; Paul et al., 2007; K hatirkar and M urty , 2010).  N ot all cocrysta ls  formed 

were a single  phase  product,  as ind icated by the p resence  o f  additional d iffraction  peaks 

o f  the s tarting  m ater ia ls  in the P X R D  patterns and /o r  dev ia tions  from the reported 

m elting b ehav iou r  o f  the cocrystal (Caira  et al., 1995; A rm an  et al., 2010) in the DSC 

scans.

All spray-dried  p roduc ts  show ed  P X R D  patterns w hich  super im posed  with the 

theoretical P X R D  pattern  o f  the reported s ing le  crystal data  with no o ther diffraction 

peaks v isib le  (F igures  A .3.3, A .3.5, A .3.7, A .3.9). H ow ever,  the co rrespond ing  

therm ogram s o f  the p roduc ts  spray-dried  from a solution  con ta in ing  SD  and  BA in an 

eq u im olar  ratio resulted  in usually  tw o broad  m elting  endo therm s, m erg ing  and 

appearing  at low er tem pera tu res  (1 8 4 -1 8 9  °C ) than the m elting  range reported  

(T m =208-220  °C ) for the S D ;B A  1:1 cocrystal (A rm an  et al., 2010) (F igures  A .3.4, 

A .3.8, A .3.10). In the case o f  the sam ple  sp ray  dried  from M eO H , the tw o  end o th erm s  

were c lea rly  separated , the first one w as small and appeared  at 185.90 ±  1.30 °C with  an 

en thalpy  o f  fusion o f  7 .50 ±  1.59 J/g and  the second  one w as larger, appearing  at 208.59 

± 4.82 °C  with an en th a lp y  o f  fusion o f  174.47 ±  17.35 J/g  and  a ttribu ted  to m elt ing  o f  

the cocrystal (F igure  A .3.6). As p rev iously  observed  for the S D :4 -A S A  cocrystal 

d iscussed  in C h ap te r  3, sp ray  dry ing  induced  a m ass  loss o f  the 4 -A S A  co m ponen t ,  

p re su m ab ly  as a result o f  sublim ation  or evapora tion  occu rr ing  during  p rocessing . Thus, 

it was suggested  that s im ilar ly  to 4 -A S A , sp ray  d ry ing  led to a m ass  loss o f  BA and 

hence a n o n -eq u im o la r  p roduc t com posed  o f  the cocrystal w ith  som e excess  S D  leading 

to a m elting  point depression .  This a s sum ption  w as  further investigated  using  M e 2C O  

as a so lvent for sp ray  d ry ing  SD  with excess  BA o f  d iffe ren t m o lar  am o u n ts  in o rder  to 

balance the m ass  loss. It w as  found that the add ition  o f  30  %  excess  m o la r  am o u n t  ( 1.3) 

o f  BA to the sp ray  d ry in g  solution  resulted  in a s ing le  phase  product,  as co n f irm ed  by
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PXRD and DSC. The PXRD pattern o f  this sample superimposed in each diffraction 

peak with the calculated pattern based on single crystal X-ray data (Figure A.3.9 a), 

while the DSC thermogram showed a single melting endotherm, shifted towards the 

melting temperature o f  the cocrystal (Tm=218.39 ±  2.23 °C) (Figure A.3.10 a) when 

compared with the products spray-dried from a 1:1 ratio, indicative o f  an equimolar 

product. It was therefore concluded that spray drying induced a mass loss o f  BA which 

needs to be balanced in order to generate a cocrystal with an equimolar ratio o f  

components.

In contrast, liquid-assisted milling o f  SD and BA in a 1:1 molar ratio revealed single 

phase products, as evidenced by the results o f  both PXRD and DSC analysis (see Figure 

references in Table 4.2). Irrespective o f  the solvent used, the products showed PXRD 

patterns which superimposed in each peak with the PXRD pattern o f  the reported 

eocrystal. DSC showed thermograms with a single melting event in the temperature 

range o f  208-217  °C and corresponding enthalpies o f  fusion o f  205-284  J/g, indicative 

o f th e S D :B A  1:1 cocrystal.

Solvent evaporation from a 1:1 SD:BA solution resulted in the formation o f  a mix o f  

the cocrystal and the single components (Table 4.2). The presence o f  SD was shown by 

the appearance o f  a characteristic diffraction peak at 9.35° 20, as for example when 

EtOH and MeCN were used as solvents (Figures A .3.3 c and A .3.7 c). In the case o f  

BA, characteristic diffraction peaks at 8.15° and 23.8° 20 appeared, however the first 

one was not always visible. The DSC thermograms revealed two melting events, one at 

around 119-121 °C attributable to BA and a second endotherm, often broad, at 212-213  

°C indicative o f  the cocrystal and melting o f  SD (see Figure references in Table 4.2).

For the products crystallised by evaporation from MeOH and M e2C0, the presence o f  

the single components in the product was mainly detectable by DSC analysis and not by 

PXRD, presumably as a result o f  a higher limit o f  detection for PXRD. The overall 

product quality, in terms o f  cocrystal purity based on DSC results, was found to be best 

when MeOFI was used as solvent (Figure A.3.6 c).

Binary crystalline products composed o f  the cocrystal and SD were observed to form 

when cooling crystallisation from EtOH, MeOH and MeCN was employed, indicating 

that the coformer was more soluble than the cocrystal and SD in these solvents. This 

was confirmed by PXRD analysis, where the presence o f  SD was attributed to the 

characteristic diffraction peak at 9.35° 20 (Figures A .3.3 d, A.3.5 d, A.3.7 d).

DSC analysis o f  the products revealed therm ograms with two melting endotherms
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(F igures  A .3.4 d, A .3.6 d, A .3.8 d), one, small en d o th erm  at around  1 9 0 -1 9 2  °C and in 

the case o f  EtOH and  M eO H  (F igures  A .3.4 d, A .3.6 d) m erg ing  with the second 

endo therm , w hich  appeared  betw een  2 0 7 -2 1 9  °C , a ttributed  to the cocrystal.

C oo ling  crysta llisa tion  from M e^CO (Figures A .3.9 e, A .3 .10 e) revealed  a product 

com posed  o f  the cocrystal with a small am o u n t  o f  SD, detected by D SC  only  and 

attribu tab le  to the m elting  end o th erm s  at 190.08 ±  1.52 °C and 219.48  ± 1.55 °C with 

correspond ing  en tha lp ies  o f  fusion o f  0 .40 ± 0.03 J /g  and  170.60 ± 12.30 J/g, 

respectively. W ith respect to the cocrystal purity  based  on DSC results, the use o f  

M e 2C 0  as so lvent resulted  in the best p roduct qua li ty  by coo ling  crysta llisation.

O verall ,  these resu lts  sh o w ed  that from each tech n iq u e  and so lven t the sam e cocrystal,  

the S D ;B A  1:1 cocrystal (C a ira  et al., 1995; A rm an  et al., 2010) was generated . Thus, 

spray  dry ing  did not resu lt  in the form ation o f  a po lym orph ic  form as p rev iously  

observed  for S D :4 -A S A . W hen  com paring  the techniques, it w as observed  that spray  

dry ing  induced  a m ass loss o f  BA, which needed  to be balanced  by the addition  o f  30%  

excess m olar  am o u n t  o f  BA prior to p rocess ing  in o rder  to generate  a cocrystal o f  

eq u im ola r  s to ich iom etry . L iquid-assisted  m ill ing  p roduced  cocrysta ls  with no ev idence  

o f  traces attr ibu tab le  to the single com ponen ts .  In contrast,  so lvent evapora tion  and 

coo ling  crysta llisa tion  resu lted  in the cocrysta l  form ation with  concom itan t 

crysta llisation  o f  e i ther  BA and/or SD. T he best  p roduc t quali ty  w as obta ined  from 

M eO H  and M e 2C O  in the case o f  so lvent evapora t ion  and coo ling  crysta llisation, 

respectively .
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Sulfadimidine and salicylic acid

As for BA, co-processing o f  SD with SA by the techniques described above was 

initially performed using EtOH and MeOH and further using MeCN and M eiC O , based 

on literature data which showed that the SD:SA 1:1 cocrystal crystallises from EtOH, 

MeCN and M eiCO (Patel et al., 1988; Caira, 1995). A summary o f  the results is 

presented in Table 4.3.

Tabic 4.3: Products resulting from co-processing of SD with SA using spray drying (SPD), 

liquid-assisted milling (LAM), solvent evaporation (SEV) and cooling crystallisation (CCR). 

The results are based on PXRD and DSC analysis. All diffractograms and thennograms and a 

table with the values of the melting temperatures (T,„) and corresponding enthalpies of fusion 

(AH|) can be found in Appendix 3, Figures A.3.11 -  A.3.18 and Table A.3.2.

Solvent Method and resulting solid phase(s)

SPD LAM SEV CCR

Eton" cc'’)* cch) cc'̂ '* CC^* + SD

M eO H -’ cc*”* CĈ) CC^” ^  SD + SA CC'^’ + SD

MeCN^’ cch) C(̂ b|5|;

MeiCO'*' cc‘'** cc‘’> cc^)* + cc^’*

1) analysis is shown in Appendix 3. Figure A. 3.! / and Figure A. 3.12

2) analysis is shown in Appendix J. Figure A.3.13 and Figure A. 3.14

3) analysis is shown in Appendix 3, Figure A.3.15 and Figure A.3.16

4) analysis is shown in Appendix 3. Figure A. 3.17 and Figure A. 3.18 

h) consistent with cocrystal reported by Patel et al.. 1988

^contains traces of SD and/or 5/1 which are only detectable by DSC but not by PXRD 

**pure phase (by DSC analysis) when 20% excess molar amount ofSA  is added

Similar to the use o f  BA as a coformer, it was found that regardless o f  which formation 

technique and solvent was used, the same coerystal was generated. The cocrystal was 

identified as the SD:SA 1:1 cocrystal, previously reported (Patel et al., 1988; Caira, 

1995) by comparing the calculated PXRD pattern based on single crystal X-ray data 

(Patel et al., 1988) and the literature melting point o f  the SD;SA I;1 cocrystal (T |„=I96
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°C, Caira, 1995) with the experimental data for the resulting products. As discussed in 

the previous example for SD and BA, PXRD analysis revealed reduced diffraction peak 

intensities and less sharp peaks for the spray-dried and liquid-assisted milled products 

when compared to those o f  samples produced by solvent evaporation and cooling 

crystallisation, attributable to crystal imperfections and/or the preferred orientation 

effect.

As shown in the case o f  BA as coformer, it was also observed that spray drying induced 

a mass loss o f  SA. As a consequence, the resulting products were o f  a non-equim olar 

ratio, verified by DSC analysis which showed for each product two merging melting 

endotherms occurring at lower temperatures, between 180-197 °C, than the melting 

point o f  the cocrystal (see Figure references in Table 4,3). In order to balance the mass 

loss and to obtain a product w ith an equimolar ratio o f  components (based on DSC 

analysis), the addition o f  20%  excess SA molar amount (1.2) prior to spray drying was 

required. This was demonstrated using MeCN as a solvent and verified by DSC analysis 

which revealed a product with a single sharp melting event at 197.01 ± 1.87 °C (Figure 

A.3.16 a) indicative o f  the SD;SA 1:1 cocrystal (Caira, 1995). PX RD analysis 

confirmed the formation o f  the cocrystal. Each diffraction peak o f  the 1:1.2 spray-dried 

product (Figure A.3.15 a) superimposed with the equivalent pattern o f  the cocrystal 

based on single crystal data (Patel et al., 1988).

In the case o f  liquid-assisted milling using a 1;1 component ratio, a pure cocrystal, 

determined by PXRD and DSC analysis (see Figure references in Table 4.3) was 

generated from each solvent. All products showed PXRD patterns which superimposed 

in each diffraction peak with the PXRD pattern o f  the SDiSA 1:1 cocrystal (Patel et al., 

1988) and revealed thermograms with a single melting endotherm between 196-197 °C 

and corresponding enthalpies o f  138-145 J/g.

Cocrystallisation o f  a 1:1 SD:SA ratio by solvent evaporation resulted in formation o f  

the cocrystal and was accompanied by crystallisation o f  the single components. Based 

on PXRD analysis, the presence o f  SD and SA in the product was verified by the 

characteristic peak at 9.35° and 28.05° 20, respectively. In most cases however, analysis 

by PXRD was not sufficiently sensitive and identity o f  the resulting products was 

determined by DSC analysis. The therm ograms showed for each product a melting 

endothenn at 142-153 °C (AHf = 7 -58  J/g) indicative o f  SA, followed by a melting 

endothenn occurring at lower temperatures than the literature melting point o f  the 

SD:SA 1;1 cocrystal (Caira, 1995) at 186-195 °C, and thus attributable to melting o f
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cocrystal and SD (see Figure references in Table 4.3). When comparing the solvents 

used, the best product quality, in terms o f  cocrystal purity as evaluated by DSC, was 

obtained from EtOH and MeCN.

Cooling crystallisation from EtOH and MeOH resulted in the cocrystal formation 

associated with crystallisation o f  SD indicating that the coformer was more soluble than 

the cocrystal and SD in these solvents. Analysis o f  products formed by PXRD 

confirmed the presence o f  SD by the characteristic diffraction peak at 9.35° 20 (Figures 

A.3.11 d, A .3.13 d). DSC analysis revealed two merging melting endotherms, one 

occurring at 184-185 °C, followed by a second at around 191-194 °C (Figures A.3.12 

d, A .3.14 d). Cooling crystallisation from MeCN and M e2C0 showed the best product 

quality (based on cocrystal purity analysed by DSC) in comparison to EtOH and 

MeOH, by the formation o f  the cocrystal with only a small amount o f  unreacted SD, 

verified by DSC only (Figures A.3.16 e, A.3.18 d) and attributable to the presence o f  

two endotherms, a sinall one at 184-185 °C (AHf = 0.9-1 .3  J/g) and a larger one at 

around 198 °C (A H r= 143-146 J/g).

In summary, these findings showed that spray drying did not result in the formation o f  a 

polymorphic form o f  the SD;SA 1:1 cocrystal, the same tlnding as w as observed using 

SD and BA. Each technique and solvent generated the same form. Spray drying induced 

a mass loss o f  SA, and it was found that, in order to obtain a cocrystal o f  equimolar 

ratio (based on DSC results), the addition o f  20% e.xcess molar amount to the spray 

drying solution was required. Liquid-assisted milling produced cocrystals with no 

evidence o f  the single components. In general, solvent evaporation and cooling 

crystallisation resulted in cocry.stal formation associated with crystallisation o f  both BA 

and/or SD. When comparing the two methods and the solvents used, both methods 

revealed the best product quality (in terms o f  purity based on DSC analysis) when SD 

and SA were crystallised from MeCN. Solvent evaporation revealed a better product 

quality than cooling crystallisation for crystallisation from EtOH, while the opposite 

was observed when Me^CO was used as the solvent.
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Sulfadimidine and 4-aminosalicyiic acid

As described in the previous Chapter, it was found that co-spray drying o f  SD with 4- 

ASA using EtOH and solvent evaporation at elevated temperatures using EtOH and 

Me^CO resulted in the formation o f  a new form, a polymorph (form II) o f  the SD:4- 

ASA 1:1 cocrystal, while liquid-assisted milling using EtOH led to the production o f  

the previously reported SD;4-ASA l;l  form I cocrystal (Caira, 1992). Further studies 

on the formation o f  the SD:4-ASA 1:1 cocrystal by spray drying and liquid-assisted 

milling using Me^CO and by using other crystallisation methods such as solvent 

evaporation at room temperature and cooling crystallisation have been investigated. The 

results are summarised in Table 4.4.

Table 4.4: Products resulting from co-processing o f  SD with 4-ASA using spray drying (SPD), 

liquid-assisted milling (LA M ), solvent evaporation (SEV) and cooling crystallisation (CCR). 

The results are based on PXRD and DSC analysis. All diffractograms and therm ogram s and a 

table with the values o f  the m elting temperatures (T„) and corresponding enthalpies o f  fusion 

(AHr) can be found in Appendix 3, Figures A .3.19 -  A.3.22 and Table A .3.2.

Solvent Method and resulting solid phase(s)

SPD LAM SEV C C R

E tO H '' CC^’ CC"^’ CC'^’ + SD + 4 -A S A CC"’ + SD

M e .C O -’ c c d ) CC^) CC* '̂* CC"**

1) analysis is shown in Figure A.i. 19 and Figure A.3.20

2) analysis is shown in Figure A.3.21 and Figure A.3.22

c) consistent with SD:4-ASA I: I form I cocrystal reported by Caira, 1992

d) consistent with SD.4-ASA 1:1 form  11 cocrystal reported in Chapter 3

*contains traces o f SD and/or 4-ASA which are only detectable by DSC hut not by PXRD

It was found that the use o f  Me^CO as solvent led to the formation o f  the same product 

as when EtOH was employed. In the case o f  spray drying the SD :4-ASA 1:1 form I! 

cocrystal was generated, while in the case o f  liquid-assisted milling the SD :4-ASA form 

I cocrystal was obtained. The identity o f  the forms was confirmed by PXRD analysis 

(Figures A.3.19, A .3 .2 1). DSC analysis (Figures A .3.20 and A .3.22) showed, in the 

case o f  spray drying from both EtOH and Me^CO, thermograms with a single melting
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endotherm  at 1 6 7 -1 7 0  °C (AH( = 2 0 0 -2 0 1  J/g). For l iquid-assisted  m illing  using  EtOH 

and M e :C O  as solvents,  both  p roduc ts  show ed  therm ogram s with a single m elting  event 

occurring  at 1 6 7 -1 7 0  °C (AH| =  2 0 7 -2 2 5  J/g) and indicated  that the therm al behav iour 

o f  both form 1 and form li cocrysta ls  is similar.

M ethods such as so lvent evapora tion  and coo ling  crystallisation from EtO H and 

M e iC O  resulted in the form ation o f  the fonn  1 cocrystal (T ab le  4.4). This  w as show n by 

P X R D  analysis  w h ich  revealed  d iffraction patterns w hich  super im posed  with  the PX R D  

pattern o f  the p rev iously  reported  form 1 cocrystal (Caira , 1992). H ow ever,  in the case 

o f  E tOH the cocrystal purity  w as  poore r  w hen  com pared  to that ob tained with Me^CO. 

This im purity  using E tO H  w as d em ons tra ted  by P X R D  and DSC analysis  (F igures 

A .3.19, A .3.20). For exam ple ,  for the product ob ta ined  by  solvent evapora t ion  PX R D  

analysis  detected  the p resence  o f  S D  and 4 -A S A  attribu tab le  to the characteristic  

d iffraction peak at 9 .35° and 26.5° 20, respectively  (Figure A .3 .19  c). The 

coiTesponding th e rm ogram  (F igure  A .3 .20 c) show ed  a broad m elting  endo therm , 

shifted tow ards low er tem pera tu res  co m p ared  to the m elting  point o f  the pure cocrystal 

(1 6 7 -1 7 0  °C) by 24  °C, indicative o f  an im pure  phase  and thus consis ten t with the 

P X R D  data. In the case o f  coo ling  crysta llisa tion  from EtO H , PX R D  analysis  show ed  

the presence o f  SD  in the product (a ttr ibu tab le  to the characteris tic  d iffraction peak  at 

9 .35° 20, F igure A .3 .19  d) as a result o f  a low er so lubility  o f  SD  in EtOH com pared  to 

4-A SA . T he DSC th en n o g ra m  co n f irm ed  the results  o f  P X R D  analysis  by  sh o w in g  a 

broad m elting  event at 1 71.29 ±  1.88 °C with an en tha lpy  o f  fusion o f  170.30 ±  8.97 J/g 

(F igure A .3.20 d).

Overall ,  the findings show ed  that the S D ;4 -A S A  1:1 form II cocrystal can be generated  

by spray dry ing  from both EtOH and M e^CO, w hile  all o ther m ethods  resulted  in the 

formation o f  the form  I cocrystal from both solvents. T hese  results led to the 

conclusion, as w as  suggested  in the p rev ious  C hap ter ,  that the generation  o f  the form  II 

cocrystal requires ene rgy  in the form  o f  heat (constan tly  supplied) in o rder  to be 

generated.

M oreover,  so lven t evapora tion  and coo ling  crysta llisa tion  from M e^C O  resulted in 

general in a better cocrystal quality  (purity) than E tO H , based  on P X R D  and  DSC 

analysis.
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Sulfadimidine and nicotinic acid

The use o f NA as a coformer in co-processing with SD resulted in the formation o f a 

novel SD;aromatic carboxylic acid cocrystal, the SD;NA 1:1 cocrystai, confirmed by 

structure determination using single crystal X-ray analysis, as described below. The 

cocrystal was formed by each method using EtOH and MeOH, A summary o f the 

products, determined by PXRD and DSC analysis is presented in Table 4.5.

Table 4.5: Products resulting from co-processing o f SD with NA using spray drying (SPD), 

liquid-assisted milling (LAM), solvent evaporation (SEV) and cooling crystallisation (CCR). 

The results are based on PXRI) and DSC analysis. A ll diffractograms and thermograms and a 

table with the values o f the melting temperatures (T,^) and corresponding enthalpies of fusion 

(AHf) can be found in Appendix 3, Figures A.3.23 -  .A.3.26 and Table A.3.2.

Solvent Method and resulting solid phase(s)

SPD LAM SEV CCR

Eton" CC*-) CC^' CC‘-’ + SD CC'^’ + SD

MeOH-* c c ^ ) CC^) c c e ) CC'-'*

!)  analysis is shown in Figure A.3.23 and Figure A .3.24

2) analysis is shown in Figure A.3.25 and Figure A.3.26

e) new cociystal discovered, crystallographic data are shown in Figures 4.2-4.4 and Table 4.6 

*contains traces o fS D  which is only detectable by DSC but not by PXRD

The results revealed that spray drying and liquid-assisted m illing  generated a single

phase product composed o f  the SD:NA I;1 cocrystal. This was confirmed by PXRD

analysis by comparing the PXRD patterns o f the products with the theoretical PXRD 

pattern based on single crystal data. Each product showed a diffraction pattern which 

was sim ilar to the theoretical pattern. DSC analysis confirmed the purity o f the product 

showing for each product a single sharp melting event at 204-205 °C with a 

corresponding enthalpy o f fusion o f 150-167 J/g (see Figure references in Table 4.5). 

Solvent evaporation from a 1;1 molar ratio mix o f SD.NA showed in the case o f EtOH 

the formation o f the cocrystal mixed with SD, verified by PXRD analysis by the 

presence o f the characteristic diffraction peak for SD at 9.35° 20 (Figure A.3.23 c). 

Distinctive diffraction peaks o f NA which clearly differed from the cocrystal and SD
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w ere  not found. P X R D  analysis  o f  the product crysta llised  from MeOM did  not show  

ev idence  o f  the p resence  o f  SD  and /or N A  (F igure A .3.25 c). D SC  analysis  revealed for 

both products  th e rm o g ram s with a s ing le  m elting  en d o th en n  at 2 0 5 -2 0 7  °C and 

enthalp ies  o f  fusion o f  1 6 2 -167  J/g, indicative o f  the S D ;N A  1:1 cocrystal (F igures 

A .3 .24C , A .3 .26C ).

In the case o f  cooling  crysta llisation , both solvents  resulted  in cocrystal form ation with 

crysta llisation o f  SD  indicating that N A  w as m ore soluble than  SD  in EtOFl and M eO H . 

This  w as con f irm ed  by P X R D  and DSC analysis. The p resence  o f  a characteristic  

diffraction peak  at 9 .35° 20 a ttributable to SD  was, for exam ple ,  show n in the case  o f  

the product crysta llised  form EtOH (F igure  A .3.23 d). D SC  analysis  o f  both the 

crysta llised  products  from EtOH and M eO H , revealed  tw o  m elting  en d o th en n s :  a first 

one at 1 8 9 -1 9 0  °C follow ed by a second at 2 0 5 -2 0 6  °C indicative o f  a m ix tu re  o f  SD 

and the S D :N A  1:1 cocrystal (F igures  A .3.24 d, A .3.26 d).

Overall ,  these findings show ed  that the S D :N A  1:1 cocrystal w as generated  using  each 

technique. Spray  dry ing  and liquid-assisted  m illing  using both solvents  and solvent 

evaporation  from M eO H  resulted  in a s ing le  phase product. In contrast,  for solvent 

evaporation  from EtOH and  cooling  crysta llisation  from both so lvents  concom itan t 

crysta llisation  o f  the cocrystai and single  co m p o n en ts  w as  observed .

In order to de term ine  the crystal s tructure  o f  the d iscovered  S D :N A  1:1 cocrystal by 

single crystal X -ray analysis , the crysta ls  ob ta ined  by so lven t evapora tion  from M eO H  

w ere  used. A s show n in F igure 4.1, transparent,  d ipyram idal crysta ls  w ere  grown.

j 2 mm j

Figure 4 . 1; Morphology o f  the SD:NA 1:1 cocrystals obtained by solvent evaporation from 

MeOH.
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it w as  found that SO  and N A  crysta llised  in the m onoclin ic  space g roup  P 2^/c with one

m olecu le  o f  each co m p o n en t  in the asym m etr ic  unit (F igures  4 .2 -4 .4  and  T ab le  4.6). 

Based  on the location and  bond  d is tances  o f  a tom s involved  in m o lecu lar  in teractions 

be tw een  SD and N A , hydrogen  bond  form ation w as found be tw een  the sulfonyl m oiety  

in SD  and the carbonyl g roup  in N A  (N-H O) and  be tw een  the pyrim id ine  n itrogen 

(N 3) in SD  and the hydroxyl group  in N A  (N H - 0 )  (F igure 4.3). T he m olecu les  are 

packed  by fo rm ing  a ladder-like a rrangem en t with  alternating  open  sides a long  the b- 

axis  (F igure  4.4). In each m o n o m er  the acid and the py rim id ine  ring  o f  SD  are cop lana r  

and  are  s tabilised  by the hydrogen  bonds  (F igu re  4.4). T here  w ere  o ther  w eaker  

hydrogen  bonds  observed  involv ing  the am ino  and  the su lfoxy  m oie ty  o f  SD. Full 

crys ta llograph ic  details  are available  at h ttp ;/ /w w w .ccdc .cam .ac .u k /d a ta_ req u es t /c if  

(C am b rid g e  C rys ta l log rahp ic  Data Centre , C C D C  903503).  Furtherm ore , these  results 

sh o w ed  that the S D ;N A  1:1 cocrystal revealed  the sam e hydrogen  bond m otifs  as has 

been  reported  for the S D :B A , S D :SA  and  S D ;4 -A S A  form 1 cocrystal (A rm an  et al., 

201 I, Patel et al., 1988; C aira  1992) as well as for o ther cocrysta ls  co m p o sed  o f  SD  and 

ca rboxy lic  acids (G hosh  et al., 2011). All revealed hyd ro g en -b o n d  pre ferences  betw een 

the  am id ine  m oie ty  and  the acid g roup  o f  the coform er.

Figure 4.2; Ortep representation o f  the SD:NA 1:1 cocrystal structure with the thermal 

ellipsoids set at 50% probability.

HI
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T able  4.6: C rys ta llograph ic  p aram eters  o f  the SD;N  A 1:1 cocrystal.

P a ra m e te r SD:!\A  1:1 cocrystal

Molecular formula

Molecular weight 401.44 g/mol

Space group Monoclinic, P IJc
Unit cell parameters

a 8 .9 4 5 0 (1 8 )A

b 14.944(3) A
c I4 . \9 3 (3 ) A

a 9 0 °

P 105.48 (3) °

y

OO

Volume 1828.4 (6) A ^
Temperature (K) 150

-3
p (calc.) / g cm 1.458

Reflections collected 13172

Unique reflections 3100

0.0460

0.2178

Goodness-of-fit 1.188

1.808

1.945.

Figure 4.3: Molecular packing o f  the SDiNA 1:1 cocrystal (dotted black lines indicate 

hydrogen bonds and the values the appropriate lengths).
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Figure 4.4; Crystal packing in the SD:NA 1; 1 cocrystal, viewed along the b-axis.

Fu rther  charac terisa tion  o f  the S D :N A  l ; l  cocrystal by  IR spec troscopy  conf irm ed  the 

p resence  o f  m o lecu la r  in teractions betw een  SD  and  N A  in the form o f  hydrogen  bonds. 

F igure 4.5 illustrates the IR spec trum  o f  the S D ;N A  1;1 cocrystal ob ta ined  from solvent 

evapora tion  using MeOFI, in com par ison  to the IR spec tra  o f  the s ing le  com ponen ts .  

T he  cocrystal revealed  shifts o f  bands a ttributed to SD  in the h igher w a v en u m b er  

region, w here  the asym m etr ic  and  sym m etr ic  NFIt s tre tch ing  bands o f  the am ine g roup  

o f  SD  (3441 cm"' and  3342  cm " ')  w ere  shifted tow ards  h igher  w av en u m b ers  by 32 cm"' 

and  36 cm ',  respectively. M oreover,  the carbonyl s tre tch ing  band o f  N A  (1698  c m ' ' )  

w as  shifted tow ards  low er w av en u m b ers  by 19 cm  ' and w as less s trongly  p ronounced  

than  in the spec trum  o f  N A  alone. T he  su lfone  (S O :)  s tre tch ing  band  o f  S D  (1300  c m ' ' )  

ap peared  b roader and  w as  shifted  by 8 cm"' tow ards  h igher w a v en u m b ers  in the 

cocrystal.
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Figure 4.5: FTIR spectra o f a) SD:NA 1:1 product obtained by SEV using MeOH, b) N A  and 

c) SD.
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Sulfadimidine and pyrazine-2-carboxylic acid

P C A , as ano ther  co fo rm er  from  the arom atic  carboxylic  acid g roup , has also been 

investigated  for its potential to form a cocrystal with SD using  EtOH and  M eO H  as 

solvents . T he  results ob ta ined  from the d iffe ren t crysta llisation  techn iques  are show n  in 

T ab le  4.7.

Table 4.7; Products resulting from co-processing o f  SD with PCA using spray drying (SPD), 

liquid-assisted milling (LAM), solvent evaporation (SEV) and cooling crystallisation (CCR). 

The results are based on PXRD and DSC analysis. All diffractograms and thermograms and a 

table with the values o f  the melting temperatures (T„,) and corresponding enthalpies of  fusion 

(AH() can be found in Appendix 3, Figures A.3.27 -  A.3.30 and Table A.3.2.

Solvent Method and resulting solid phase(s)

SPD LAM SEV CCR

E tO H ” SD  + PCA * SD  + PCA SD  + PCA SD  + PCA

M e O H -’ SD  + PCA SD + PC A SD  + PCA SD  + PCA

11 analysis is shown in Figure A. 3.2 7 and Figure A. 3.28 

2) analysis is shown in Figure A.3.29 and Figure A.3.30 

*contains amorphous phase

It w as  found that all p roduc ts  revealed  m ixtures  o f  SD  and PCA , regard less  o f  the 

techn ique  and so lvent used. T h is  w as conf irm ed  by  P X R D  analysis  (F igures  A .3.27, 

A .3 .29) w hich  show ed  diffraction patterns in w hich  each  peak w as attr ibu ted  to the 

s ing le  com ponen ts .  Each pattern w as basica lly  the sum  o f  the diffraction  patterns o f  SD  

and  PC A  and thus no ev idence  o f  cocrystal form ation w as show n. P X R D  ana lys is  o f  a 

physical m ixture, p repared  by  s im p ly  m ix ing  both co m p o n en ts  using  a spatu la ,  show ed  

cons is tency  with the results  o f  the produc ts  and  co n f irm ed  the p resence  o f  a m ix tu re  

co m p o sed  o f  SD  and  PCA . For the sp ray-dried  p roduc t from  EtOH (F igure  A .3.27 a), 

the P X R D  pattern revealed  diffraction  peaks with  very  low  intensities in com p ar iso n  to 

those  o f  the  sp ray-dried  p roduc t from M eO H  (F igure  A .3 .29 a) and  to those  resulting  

from the o ther  techniques.
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Thermal analysis by DSC showed for each product a melting endotherm, often broad, 

occurring at temperatures below the m elting point o f  SD and PCA, between 173-176 

°C (AH| = 144-161 J/g), indicating the formation o f  a crystalline m ixture composed o f  

SD and PCA. in the case o f  the spray-dried product from EtOH, an exothermic event at 

87.51 ± 2.63 °C prior to m elting was observed, which was attributed to crystallisation 

o f  an amorphous content induced by spray drying and therefore in agreement w ith  the 

results from PXRD analysis.

Overall, these results indicate that no cocrystal was formed w ith PCA as a coformer, in 

contrast to B A , SA, 4-ASA  and N A . Further confirm ation was obtained by IR 

spectroscopy as shown in Figure 4.6.

When compared to the SD ;BA , SD:SA, SD ;4-ASA form I and S D :N A  l ; l  cocrystals, 

w hich revealed characteristic shifts o f  bands towards higher or lower wavenumbers, for 

example in the wavenumber regions between 3500-3300 cm ' and 1400-1200 cm ' 

(Figure 4.6 a, b, c, d), for the SD;PCA 1:1 product each IR band superimposed w ith 

bands o f  SD and PCA (Figure 4.6 e). No evidence o f  band shifts which indicate the 

presence o f  intermolecular interactions such as hydrogen bonds and thus cocrystal 

formation was found for the SDiPCA 1:1 product.

• I __

<

___

I— '— I— '— I—
3600 3400 3200

V A
1700 1600 1500 1400 1300

w avenum ber (cm ’ )

a)

b)

c)

d)

e)

f)

g)

1200

Figure 4.6: IR spectra o f a) SD:BA 1:1 cocrystal, b) SD:SA 1:1 cocrystal, c) SD:4-ASA 1:1 

form 1 cocrystal, d) SD:NA 1:1 cocrystal and e) SD:PCA 1:1 composite system (all produced by 

liquid-assisted m illing) compared to t) PCA and g) SD raw materials.
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When comparing the structural properties o f  all coformer acids described, it was 

obvious that PCA has a similar structure to NA (Figure 4.7) and similar pK^ values 

(Table 4.1), which can play a role in the formation o f  cocrystals (Lu et al., 2011). 

However, in contrast to NA, cocrystal formation with PCA was not observed. It was 

suggested that the additional nitrogen in the aromatic ring forming the pyrazine moiety 

and in direct vicinity to the carboxyl group in PCA might hinder cocrystal formation 

and thus hydrogen bond formation with SD. To verify this idea, pyridine-2-carboxylic 

acid (PA) was introduced as coformer. As shown in Figure 4.7, pyridine-2-carboxylic 

acid contains the same structural m otif  as PCA; an aromatic nitrogen in direct vicinity 

to the carboxyl group.

OHOH

Figure 4.7: Molecular structure o f  a) NA, b) PCA and c) PA.

As liquid-assisted milling has been shown to be a very reliable technique in the 

formation o f  cocrystals, PA was co-milled with SD using the same solvents (EtOH and 

M eOH) as for PCA. Furthermore, MeCN and M eiC O  were used in order to examine 

whether the type o f  solvent intluences the result. For comparison, a physical mixture o f  

PA and SD was prepared by simply mixing both components using a spatula. The 

products were analysed by PXRD and DSC. As shown in Figure 4.8, PXRD 

revealed,for all liquid-assisted milled samples, identical diffraction patterns which 

superimposed in each diffraction peak with those o f  the physical mixture and the single 

components. DSC analysis showed, for all milled products and the physical mixture, 

thermograms with a single melting endotherm occurring at lower temperatures than the 

melting points o f  SD and PCA raw materials (Table 4.1) at 121-125 °C (Figure 4.9 and 

Table A .3.2 in Appendix 3), indicating the formation o f  a crystalline mixture.

These results were similar to those found for PCA, showing that co-processing with SD 

resulted in crystalline mixtures composed o f  the single components. Thus, the 

experiment using PA confirmed that the structural moiety in PCA consisting o f  an
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aromatic nitrogen in direct v ic in ity  to a carboxyl group (Figure 4.7) hinders cocrystal 

formation w ith  SD, possibly as the result o f  an intram olecular hydrogen-bond 

formation, as the carboxyl group acts as donor and the aromatic nitrogen as acceptor.

403530252010 155

a)

b)

c)

d)

e)

f)

g)

Diffraction angle (20)

Figure 4.8: PXRD patterns o f SD.PA I;1 products obtained by liquid-assisted m illing using a) 

EtOH, b) MeOH, c) MeCN, d) Me;CO compared to e) SD:PA 1; I PM, t) PA and g) SD.

exo

o

5
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22520017515012510050 75
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Figure 4.9: DSC thermograms o f SD:PA 1:1 products obtained by liquid-assisted milling using 

a) EtOH, b) MeOH, c) MeCN, d) Me.CO compared to e) SD:PA 1:1 PM, f) PA and g) SD.
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In summary, when comparing the common crystallisation methods such as liquid- 

assisted mining, solvent evaporation and cooling crystallisation with spray drying in the 

formation o f  cocrystals, the study has shown that spray drying is a successful 

alternative. All SDraromatic carboxylic acid cocrystals that were generated by liquid- 

assisted milling, solvent evaporation and cooling crystallisation, were also formed by 

spray drying. Only in one case, using 4-ASA as coformer, did spray drying result in the 

formation o f  a polymorphic cocrystal, the SD :4-ASA form II cocrystal, which could not 

be obtained by the other methods. This observation might be related to the presence o f  

the aromatic amino group, which only exists in the 4-ASA molecule but not for the 

other acid coformers. In general, based on PXRD results, cocrystals produced by spray 

drying and liquid-assisted milling revealed a lower degree o f  crystallinity than those 

produced by solvent evaporation and cooling crystallisation.

Moreover, in contrast to solvent evaporation and cooling crystallisation, where 

cocrystal formation was usually associated w ith crystallisation o f  the single components 

and where the cocrystal quality (purity) varied, depending on the solvent used, for 

cocrystals produced by spray drying and liquid-assisted milling the solvent was not 

found to have an impact on the product result (based on PXRD and DSC analysis). 

However, a difference to liquid-assisted milling was observed for spray drying based on 

DSC analysis, in the case o f  the acid coformers BA and SA, spray drying from an 

equimolar component ratio induced a mass loss o f  the acid and the addition o f  excess 

BA and SA to the liquid feed was required in order to generate a cocrystal o f  equimolar 

ratio. In the case o f  4 -ASA and NA, DSC analysis did not show any evidence that a 

non-equimolar cocrystal was produced by spray drying. However, as described in 

Chapter 3, further analysis by HPLC for the I;I spray-dried SD;4-ASA cocrystal (form 

II) detected a non-stoichiometric component ratio, indicative o f  a mass loss o f  4-ASA 

during processing. Hence, the product stoichiometry (by means o f  HPLC) was also 

analysed for the SD:NA cocrystal spray-dried from a 1:1 molar solution. The results 

showed that this cocrystal contained equimolar amounts o f  SD and NA.

Therefore, it was concluded that spray drying can result in the fonnation o f  pure 

(equimolar) cocrystals, but can also produce cocrystals with some unreacted amounts o f  

the components. However, for detailed conclusions and an evaluation o f  the cocrystals 

purity, further analysis will be required.

134



C hapter 4: Spray drying potential on cocrystal form ation

Dynamic vapour sorption

The cocrystals o f  SD with BA, SA and NA and the mixture o f  SD with PCA produced 

by liciuid-assisted milling were further examined by dynamic vapour sorption (DVS) 

experiments in order to study the effect o f  moisture sorption/desorption o f  the material 

(DVS studies o f  the SD:4-ASA 1:1 cocrystal have been reported in Chapter 3). 

Dynamic vapour sorption and desorption isotherms are shown in Figure 4.10. The 

SD:BA 1:1 cocrystal showed a maximum amount o f  water sorption o f  less than 0.09%, 

where most o f  the water was sorbed between 70 and 80% RH. The desorption profile 

showed a similar trend to the sorption profile. The SD:SA 1:1 cocrystal revealed a 

higher water uptake, with a maximum o f  0 .15%  at 90% RH. Most water was sorbed 

between 70% and 90% RH. The desorption behaviour was similar with a slight 

hysteresis effect between 90 and 40% RH, while below 40% RH the curve merged with 

the sorption profile. The SD;NA 1:1 cocrystal sorbed, over the entire humidity range, 

more water than the SD;BA cocrystal. Compared to the SD:SA cocrystal, the w'ater 

uptake was initially higher but decreased and was less between 70 and 90% RH. In 

general, the maximum amount o f  water sorbed by the SD:NA 1:1 cocrystal was 0.1% 

with similar sorption and desorption profiles. In comparison to the cocrystals, the 

SD:PCA 1:1 crystalline mixture showed the highest water uptake with a m axim um  of  

0.23% at 90% RH. The sorption increased continually over the entire humidity range. 

The desorption profile revealed a similar trend with, in general, less water released than 

sorbed.
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Figure 4.10; Moisture sorption and desorption profiles o f  SD:BA 1:1 cocrystal (closed and

open black triangles), SD;SA 1:1 cocrystal (closed and open blue diamonds), SD :N A  1:1 

cocrystal (closed and open red circles) and SD :PCA  1:1 mixed system (closed and open green 

squares) at 25 °C. The data refer to materials obtained by liquid-assisted milling.

P X R D  a n a ly s i s  o f  th e  m a te r ia l s  r e c o v e re d  at th e  e n d  o f  th e  D V S  e x p e r im e n ts  (0 %  R H )  

c o n f i rm e d  th a t  n o  so l id  s ta te  t r a n s fo rm a t io n  o c c u r r e d  (F ig u re  4 .11 ) .

In s u m m a r y ,  th e se  r e su l ts  s h o w e d  th a t  th e  S D :B A ,  S D ;S A  a n d  S D :N A  1:1 c o c ry s ta l s  

an d  th e  S D iP C A  1:1 m ix tu re  a re  p h y s ic a l ly  s ta b le ,  w i th  o n ly  lit t le  w a te r  u p ta k e  (<  0 .25  

% )  w h e n  e x p o s e d  to  h u m id i t ie s  r a n g in g  f ro m  0  to  9 0 %  R H . R e fe r r in g  to  the  

h y g ro s c o p ic i ty  c la s s i f ic a t io n  sy s te m  e s ta b l i s h e d  b y  M u r ik ip u d i  e t  al. ( 2 0 1 3 )  on  th e  b as is  

o f  s o rp t io n  a n a ly s is ,  all c o c ry s ta l s  can  b e  c la s s i f ie d  as  “ n o n - h y g r o s c o p ic ”  ( w a te r  u p ta k e  

<  0 .2 % ) ,  w h i le  th e  S D :P C A  1:1 m ix tu re  is re g a rd e d  a s  “ s l ig h t ly  h y g r o s c o p ic ”  (w a te r  

u p ta k e  0 .2 - 2 % ) .
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Figure 4.11: PXRD patterns before and after DVS experiments, a) SD:BA 1:1 cocrystal 

recovered after DVS at 0% RH, b) SD:BA 1:1 cocrystai before DVS study, c) SD;SA 1:1 

cocrystal recovered after DVS at 0% RH, d) SD:SA 1:1 cocrystal before DVS study, e) 

SD:NA 1:1 cocrystal recovered after DVS at 0% RH, f) SD:NA 1:1 cocrystal before DVS 

study, g) SD:PCA 1:1 m ixture recovered after DVS at 0% RH and h) SD:PCA 1:1 mixture 

before DVS study. The data refer to materials obtained by liquid-assisted m illing.
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4.4 Conclusions

This study has investigated the effect o f  spray drying compared to comm on 

crystallisation methods such as liquid-assisted milling, solvent evaporation and cooling 

crystallisation in the formation o f  SD;aromatic carboxylic acid cocrystals and the 

discovery o f  new and/or polymorphic forms.

It was demonstrated that 4-ASA was the only coformer which resulted in the formation 

o f  a polymorphic cocrystal by means o f  spray drying. This polymorph could not be 

generated from the other methods, which only formed the SD:4-ASA 1:1 form 1 

cocrystal. Following the earlier studies (Chapter 3) which were based on EtOH as 

solvent, it was shown that the S[):4-ASA 1:1 tbrm II cocrystal could also be generated 

by spray drying and liquid-assisted milling using Me^CO.

The introduction o f  NA as coform er resulted in the formation o f  a new, previously 

unreported cocrystal, the SD:NA 1:1 cocrystal. The structure o f  the SD:NA cocrystal 

was determined by single crystal X-ray diffraction analysis. The discovered cocrystal 

revealed the same hydrogen-bond motifs as reported for the SD:BA, SD:SA and SD:4- 

ASA form 1 cocrystals.

The use o f  PCA as coformer from the aromatic carboxylic acid type did not result in 

cocrystal formation. Instead, a crystalline mixture o f  SD and PCA was formed from 

each technique and solvent used. It was shown that PCA inhibited cocrystal formation 

with SD due to structural features o f  PCA, attributable to intramolecular hydrogen-bond 

formation.

Overall, the study has demonstrated that spray drying is a successful alternative to 

common crystallisation methods such as liquid-assisted milling, solvent evaporation 

and cooling crystallisation in the formation o f  SD:aromatic carboxylic acid cocrystals.

In each case where liquid-assisted milling, solvent evaporation and cooling 

crystallisation formed a cocrystal, the same result was observed using spray drying 

(disregarding polymorph fonnation). In contrast to solvent evaporation and cooling 

crystallisation, for cocrystals produced by spray drying and liquid-assisted milling the 

solvent was not found to have an impact on the product result. Besides, it was shown 

that spray drying can induce a mass loss o f  one o f  the components, affecting the 

resulting cocrystal purity. For a precise evaluation o f  the techniques with respect to 

cocrystal formation, the product purity needs to be analysed in detail.
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M oreover,  based on D V S studies, it w as show n that the genera ted  sulTadimidine 

cocrystals  w ere  non-hygroscop ic ,  w hile  the su lfad im id ine  physical m ix tu re  (S D :P C A ) 

w as slightly  hygroscop ic  w hen  exposed  to hum id ities  ranging  from 0 - 9 0 %  RH.
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Chapter 5:

Solubility and dissolution behaviour of  

sulfadimidineiaromatic carboxylic acid cocrystals





C hapter  5: S o lu b i l i ty /  d is so lu t io n  o f  su l fa d im id in e  cocr y s ta ls

5.1 Introduction

Besides  form ation and solid  state charac terisa tion , so lubili ty  and d isso lu tion  are 

im portan t properties  in s tudy ing  cocrystals , in particu lar  in o rder  to predic t stability  in 

aqueous  solution  and  to address  b iopharm aceu tica l  param eters .  In earl ier  studies by 

R odriguez-H ornedo  and co-w orkers ,  it w as show n , based  on ca rbam azep ine  cocrysta ls  

that cocrystal so lubility  is dependen t  on the solubili ty  o f  the co fo rm er  (G o o d  and 

R od rig u ez-H o m ed o ,  2009; N ehm  et al., 2006). For cocrystals  with ionisable 

co m ponen ts  m athem atica l m ode ls  w ere  es tab lished  to predic t cocrystal solubility  at 

various pH (B ethune  et al., 2009). H ow ever,  there are on ly  a few studies w hich  confirm  

these predic tions  (C ooke  et al., 2008; R eddy et al., 2009; R od n 'g u ez -H o m ed o  et al., 

2006). D issolution on the o ther  hand depends  on so lub ili ty  and is im portan t to 

investigate changes  w hich  m ight,  for exam ple , o ccu r  in the case o f  so lu tion-m edia ted  

solid state transform ations.

In C h ap te r  3, the solubility  and  d issolution behav iou r  w as dem onstra ted  for the S [);4-  

A SA  1:1 cocrystal.  So lubili ty  was show n to be p H -d ep en d en t  and predic tab le  by a 

theoretical m odel es tab lished  on the basis o f  the dual am pho te r ic  charac te r  o f  the 

cocrystal. D issolution  studies revealed  an im proved  d isso lu tion  rate o f  the poorly  water- 

so luble SD  from the cocrystal.

In the fo llow ing  work, the focus was to investigate  the solubili ty  and  d issolution  

behav iour o f  o ther S D :arom atic  earboxylic  acid cocrysta ls  such as S D :B A , S D ;S A  and 

SD ;N A  w hich  have been charac terised  in C hap te r  4. T h e  p rim ary  ob jec tives  w ere  ( I ) to 

predict the solubility  p H -d ep en d en ce  by app ly ing  adequa te  m odels  and  (2) to com pare  

the results with the earlier  s tud ied  S D :4 -A S A  cocrystal in o rder  to eva lua te  the role o f  

the co fo rm er on solubility  and dissolution.

5.2 Materials and Methods  

5.2.1 Materials

S ulfad im id ine  (SD), benzo ic  acid (B A ), salicylic ac id  (SA ) and  nicotin ic  acid (N A ) 

were purchased  from S igm a-A ldrich  (Ireland). M ethanol,  H PL C  grade, w as purchased  

from Fisher Scientific (Ireland), sod ium  hydrogen  phosphate  and citric ac id were 

obtained from S igm a-A ldrich  (Ireland). W ater,  analytica l and  H P L C  grade, was 

prepared from an Elix 3 connected  to a S ynergy  UV  system  (M ill ipore ,  UK). All other 

chem icals  purchased  from com m ercia l  suppliers  w ere  o f  analytica l grade. The 

su lfad im id ine :benzo ic  acid (S D :B A ) 1:1, sulfadim idine .'sa licylic  acid  (S D ;S A ) 1:1 and
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the sulfadimidine;nicotinic acid (SD;NA) 1:1 cocrystals were prepared by liquid- 

assisted milling using MeOH, MeCN and MeOH, respectively, as described in Chapter 

4.

5.2.2 Methods  

5.2.2.1 Solubility studies

5.2.2.1.1 Equilibrium solubility

The solubility was determined by the shake tlask method at 12, 24, 48 and 72 hours. 

Excess cocrystal was added to 10 ml o f  water in glass ampoules, which were then heat 

sealed and placed horizontally in a thermostated waterbath at 37 °C and shaken at 100 

cpm. The supernatant was filtered using 0.45 f,im membrane filters (PVDF - Cronus®) 

and analysed for sample concentration by HPLC. The remaining solid phase was 

characterised by PXRD. Solubility studies were performed in triplicate for each sample.

5.2.2.1.2 Transition concentration (C|r) measurement

The study was performed as described in Chapter 3, except that the equilibration time 

was 24 hours instead. In the case o f  the SD;NA 1:1 cocrystal, Cir measurements were 

also performed at different pH by the addition o f  small volumes o f  IM HCl and IM 

NaOH.

5.2.2.1.3 pH-dependent solubility

The study was performed as described in Chapter 3, except that the equilibration time 

was 24 hours instead.

5.2.2.2 Powder X-ray Diffraction (PXRD)

as described in Chapter 2

5.2.2.3 Intrinsic dissolution studies

Ihe studies were performed based on the method as described in Chapter 2. The 

compacts were compressed at a pressure o f  6 or 8 tonnes for 30 seconds up to 2 minutes 

depending on the type o f  sample and to ensure no capping (details are attached in 

Appendix 4, Table A.4.3). The compact surface was analysed by ATR-FTIR  and SEM.
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5.2.2.4 High Performance Liquid Chrom atography (HPLC)

HPLC was performed using a modification o f  the method described in Chapter 3. 

Therefore, SD, BA, SA and NA solution concentrations were determined using a 

Shimadzu HPLC Class VP series with a LC-IOAT VP pump, SIL-IOAD VP 

autosampler and SCL-IOVP system controller. The mobile phase was vacuum filtered 

through a 0.45 (.un membrane filter (Gelman Supor-450). Separation was performed on 

a Phenomenex Inertsil ODS (3) C18 column (150 mm length, diameter 4.6 mm, particle 

size 5 [im) at a UV detection wavelength o f  235 nm (SD:BA and SDiSA cocrystal) or 

260 nm (for SD:NA cocrystal). The injection volume was 10 |.iL. The mobile phase 

consisted o f  methanol/buffer pH 6.5 30/70 (v/v). The buffer was prepared from a 200 

mM solution o f  sodium hydrogen phosphate solution adjusted to pH 6.5 w ith a 100 inM 

solution o f  citric acid. The elution was carried out isocratically at ambient temperature 

with a How rate o f  1 ml/min. For peak evaluation, Class-VP 6.10 software was used. 

For SD, BA and SA (detected at 235 nm) the calibration curves were prepared between 

0 .5-200 |.ig/ml. For SD and NA (detected at 260 nm) the calibration ranged from 2 -4 0 0  

[.ig/ml and from 2 -200  [.ig/ml, respectively. All calibration curves displayed good 

linearity with R" > 0.999. Based on the ICH guidelines (ICH, 1996), for SD the 

calculated LOD was 0.1 pg/ml (235 nm) and 0.2 i-ig/nil (260 nm) and the LOQ was 0.3 

|.ig/ml (235 nm) and 0.5 ).ig/ml (260 nm). In the case o f  BA, the the LOD was 0.2 pg/ml 

and the LOQ was 0.6 |_ig/ml. For SA the LOD and LOQ were calculated as 0.1 |.ig/ml 

and 0.4 [.ig/ml, respectively. For NA the LOD was 0.2 (.ig/ml and the LOQ was 0.6 

f.ig/ml.

All other methods used such as AT R -FTIR , SEIVl and statistical analyses are 

described in Chapter 2.
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5.3 Results  and Discuss ion  

5.3.1 Solubi l i ty  

Equ il ibriu m solubi l ity

Initially, the S D ;B A ,  SD iSA ,  S D ; N A  cocrystal  and the co f o rm er  co m ponen t s  were 

s tudied for equi l ibr ium solubil i ty in water.  Figure 5.1 show s  the  solubil i ty o f  the 

cocrys tals  measured  af ter  12, 24,  48  and 72 hours.  It was  found that  for all cocrystals  

the concentra t ions  did not change  s igni ficant ly between 12 and 72 hours  (p >  0.05 ). 

S imi larly,  for all co fo rm er  co m ponen t s  no cha nges  occurred between 12 and 72 hours.  

Th e appropr ia te  concent ra t ion- t ime prol l les can be found in Append ix  4 (F igure  A .4.1 

and Table  A.4.2).

Based on those  results all fur ther solubil i ty s tudies  we re  pe r fo rm ed  wi th an 

equil ibrat ion t ime o f  24 hours  and thus,  in the fo l lowing text solubi l i ty values  refer  to 

24 hours data.

As il lustrated in Figure  5.1, the S D :N A  cocrystal  sh o w ed  the highest  solubi li ty 

(1 .52x10 '"  ±  0 . 0 7 x l 0 ' “ mmol /m l) ,  fo l lowed by the S D :S A  cocrys tal  ( 2 . 4 7 x 1 0 ’'̂  ± 

0 . 0 2 x U r ' ’ m m ol/m l) ,  whereas  the S D : B A  cocrys tal  revealed  the lowest  solubi li ty 

(1.16xl( ) - '  ' ± O.OOx lO'"’ mmol /m l) .  For the co form er  co m p o n en t s  the  solubi l i ty increased 

in the  orde r  o f  S A < F iA < N A ,  w he re  solubil i ty  values  o f  2 . 5 5 x IQ - ±  0 .04x 10’'  m mol/m l ,  

4 . 0 4 x 1 0 '  ±  O.OIxlO' - m m ol/m l  and I 9 . 3 x | 0 ' "  ± 0 .15x10 ' -  mmol /ml  w e re  found,  

respectively  (A ppend ix  4, Figure  A.4.1 and Table  A .4.2).
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Figure 5.1; C oncentration-time profiles o f  SD .B A  (triangles), SD:SA (diamonds) and SD:NA 

(circles) 1; I cocrystals over 72 hours in water at 37 °C.

S ta b i l i ty  o f  the  c o c ry s ta l s  w a s  a n a ly s e d  b y  P X R D  a f te r  ea c h  e q u i l ib ra t io n  t im e .  It w a s  

fo u n d  th a t  the  S D :B A  a n d  S [ ) :S A  c o c ry s ta ls  w e r e  s tab le  o v e r  72 h o u rs  s in c e  no  c h a n g e s  

in the  d if f rac t io n  p a t te rn s  w e re  d e te c te d  w h e n  c o m p a re d  w ith  th e  in i t ia l ly  a d d e d  

c o c ry s ta l  ( t= 0 )  (F ig u re  5 .2 ,  F ig u re  5 .3). T h e s e  re su l ts  in d ic a te d  th a t  b o th  c o c ry s ta ls  

w e re  c o n g ru e n t ly  s a tu ra t in g  in w a te r .  In c o n tra s t ,  for th e  S D :N A  1:1 c o c ry s ta l  th e  

p re s e n c e  o f  a S D  c h a ra c te r i s t ic  d i f f ra c t io n  p e a k  a t  9 .3 5 °  20 w a s  o b s e rv e d  at e a c h  

e q u i l ib ra t io n  t im e  (F ig u re  5 .4) . It w a s  c o n c lu d e d  tha t  the  S D ;N A  co c ry s ta l  w a s  no t 

s ta b le  a n d  in c o n g ru e n t ly  s a tu ra t in g  in w a te r ,  p ro b a b ly  as  a re su lt  o f  a h ig h  so lu b i l i ty  

d i f f e re n c e  b e tw e e n  th e  c o m p o n e n t s ,  as  N A  is a p p r o x im a te ly  84  t im e s  m o re  so lu b le  than  

S D  (see  C h a p te r  3 for  S D  so lu b i l i ty ) .
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Figure 5.2: PXRD analysis o f SD:BA I :l cocrystal during equilibrium solubility study after a) 

72 hours, b) 48 hours, c) 24 hours, d) 12 hours, e) 0 hours compared to f) BA and g) SD.
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Figure 5.3: PXRD analysis o f SD;SA 1:1 cocrystal during equilibrium solubility study after a) 

72 hours, b) 48 hours, c) 24 hours, d) 12 hours, e) 0 hours compared to t) SA and g) SD.
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Figure 5.4; PXRD analysis o f SD:NA 1:1 cocrystal during equilibrium solubility study after a) 

72 hours, b) 48 hours, c) 24 hours, d) 12 hours, e) 0 hours compared to t) NA and g) SD.

Transition concentration mcasurement/pH-dependent solubility

I'he stability o f  cocrystals in water is an important property to investigate because many 

drugs exhibit low solubility in water. In previously reported work by Good and 

Rodriguez-Hornedo (2009) and as demonstrated in Chapter 2 and 3, the transition 

concentration (Ctr), at which cocrystal and drug coexist in equilibrium with the solution 

was found to be the key parameter in indicating the thermodynamic stability and 

solubility o f cocrystals (Good and Rodriguez-Hornedo, 2009). To control crystallisation 

processes, knowledge o f the Ctr is an essential requirement. Furthermore, for unstable 

cocrystals the C'lr was shown to be the nearest measurable equilibrium from which the 

cocrystal solubility can be estimated. The Ctr is defined at a given pH, which allows, in 

the case o f ionisable cocrystals such as the SD:BA, SD;SA and SD iNA cocrystals, 

determination o f the pH dependent solubility product. Therefore, the actual solubility 

was determined based on Ctr measurements.

By analysing the solid phase after equilibration using PXRD it was verified that 

transition concentrations were reached. Figure 5.5 confirms for the SD:BA, SD;SA and 

SD:NA cocrystal the detection o f a mixed phase composed o f cocrystal and SD at Ctr. 

The presence o f  SD was identified by the characteristic diffraction peak at 9.35° 20.

147



Chapter 5: Solubility/ dissolution o f sulfadimidine cocrystals

ccc
fs

5 10 15 20 25 30 35 40

Diffraction angle (29)

Figure 5.5: PXRD analysis o f solid at the transition concentration (C ,r) o f a) SD;BA, b) SD:SA 

and c) SD:NA 1:1 cocrystal compared to d) pure SD:BA, e) pure SD;SA, t) pure SD;NA !;! 

cocrystal and g) SD.

The SD :BA  cocrystal represents an example o f  a eoerystal composed o f  one amphoteric 

(SD) and one monoprotic acidic component ( l iA ) .  The equation describing the 

so lub ility  o f  such a cocrystal type was derived previously (liethune et al., 2009) and can 

be presented for the S D .BA  cocrystal as:

where K-sp is the so lub ility  product and K;, and K;,i/Ka2 are the acid ionization constants 

for BA  and SD, respectively.

A t the transition concentration equation 5.1 can be rewritten and Ksp can be expressed 

by the fo llo w in g  equation

where [BA]tr and [SD](r are the transition concentrations o f  BA and SD, respectively.
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Chapter 5; Solubility/ d issolution o f  sulfadim idine cocrystals

in contrast, the SD:SA cocrystal contains one amphoteric and one diprotic acidic 

component, which solubility can be described by the following equations based on the 

mathematical derivations established by Reddy et al. (2009);

C  i  L T  f - t  I l ^ a l . S A  , K a i , s A K a 2 , S A ' \  , I n ’*"] * < a 2 , S D \

S „ c r y « a l  ~  +  -nTTT +  ■— — )

where K-sp is the solubility product and Kai and K;,2 are the acid ionization constants o f  

SA and SD, respectively.

Further derivations o f  equation 5.3 enable Ksp to be determined using the 

eutectic/transition (tr) concentrations by:

I T    _____________________________________ | S D | t r  | S A ) t r _____________________________________

f t  , *^31,SA , '< a l,S A '^a2 ,S A '\ , iH + j , * < a Z ,f  '1 + + - -  -  r '  - 1+17— ^ +
H + l /   ̂ •‘ a l.S D

^aZ.SD 

|H + 1 )

where [SA]„- and [SD],r are the transition concentrations o f  SA and SD, respectively. A 

detailed description o f  the mathematical derivations o f  equations 5.1 to 5.4 can be 

found in Appendix 4.

The SD;NA cocrystal contains two amphoteric components with similar dissociation 

behaviour as the previously studied SD;4-ASA 1:1 cocrystal (see Chapter 3). Thus, the 

solubility can be expressed by the same equations;

where K.sp is the solubility product and Kai and are the acid ionization constants o f  

SD and NA, respectively. Rewritten, equation 5.5 allows determination o f  Ksp from the 

eutectic/transition (tr) concentrations using

, ,  _   [SDltrlNAltr__________  . . . .

f l  I  (H'^1 I  *^a2,SD\  |H + | Ka2,NA\ ^
I Kal,SD |H + I |h + | )

[SD](i- and [NA](,- are the transition concentrations o f  SD and NA, respectively. A 

detailed description o f  the derivations o f  equation 5.5 and 5.6 was presented in Chapter 

3 for the SD:4-ASA I ; 1 cocrystal as example.
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Based on the experimentally measured transition concentrations and the pH as well as 

the known acid constants, the solubility products (Ksp) o f  the SI):BA, SD:SA and 

SD;NA cocrystals were determined using equation 5.2, equation 5.4 and equation 5.6, 

respectively. The equations 5.1, 5.3 and 5.5 were further used to calculate the solubility 

o f  the cocrystals at other pH values. In order to evaluate the predictions with 

experimental data, cocrystal solubilities were also determined at different pH value. In 

the case o f  the SD;BA and SD.SA cocrystal it was shov\n that both cocrystals were 

stable in w ater at 37 °C as it was shown by PXRD analysis in Figure 5.2 and Figure 5.3. 

Therefore, the solubility could be directly measured by equilibrating excess cocrystal in 

water according to the following equation for a 1; 1 cocrystal:

S c o c ry s ta i  =  V  t^rug] [coformcr] (5.7)

For the SD;NA 1:1 cocrystal the solubility at different pH values was determined at the 

transition concentration. This was required because it was observed that the cocrystal 

was unstable in water at 37 °C showing conversion to the SD component (Figure 5.4). 

Using the transition concentration the solubility was calculated by:

S co cry s ta i =  [coformer]tr (5.8)

The determined solubility products and the resulting solubility profiles at different pH 

values are shown in Figure 5.6, Figure 5.8 and Figure 5.10. In order to predict the 

solubility and stability o f  all solid phases, the pH-dependent solubility o f  the single 

components was derived from the Flenderson-Hasselbalch relationship, as described 

earlier in Chapter 3.

The SD :BA 1:1 cocrystal had a solubility product (K-sp) value o f  7.71 x 10'^ ±  0 .5 1 x 10'^ 

M" and the predicted pH-dependent solubility is shown in Figure 5.6. From the profile it 

was concluded that the cocrystal is stable below pH 5 when compared with the 

theoretical solubility profiles o f  the single components. At pH < 5 the cocrystal is less 

soluble or as soluble as SD and BA, whereas at pH > 5 the cocrystal becomes inore 

soluble than SD. The experimentally determined solubility at pH 3.60 was in good 

agreement with the calculated profile and is consistent with the PXRD analysis o f  the 

solid phase which showed that the cocrystal was stable under the given conditions
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(F igure  5.7). For so lubilit ies  m easu red  at h igher  pH (pFI 9 .19 and  8 .11) the values 

deviated  from the pred ic tions  and w ere  found to be low er and in close  p rox im ity  to the 

so lubility  curve o f  SD  (F igure  5.6). H ow ever,  this w as not surpris ing  with respect to the 

theoretical so lubility  profiles w hich  predic ted  that at pH >  5 the cocrystal is m ore 

so luble  than SD  and thus m ay  transfo rm  to SD. P X R D  analysis  o f  the solid phase  

confirm ed  the p resence  o f  SD  attr ibu ted  to the characteristic  diffraction  peak  at 9 .35° 20 

(F igure 5.7). At these pH values  m ore  co fo rm er  w ou ld  have been required  to keep the 

cocrystal stable in solution.
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pK3SD = 2 . 7 9 ,  7 . 4
pKaBA = 4.21
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F ig u r e  5 .6  : T h eo re t ica l  -  pH so lu b i l i ty  p ro f i le  for the  SH'.BA 1:1 cocrysta l  in w ater  at 37  °C.  

T h e  so l id  l ine represents  the  cocry sta l  so lu b il i ty ,  the  d ash ed  and dotted  l in es  s h o w  the 

theoretical S D  and B A  s o lu b i l i ty  d e p en d en t  o n  the pH (d e r iv ed  from the  H en d e r s o n -  

H asse lb a lch  re la t ion sh ip )  and the cr oss  s y m b o ls  are ex p er im en ta l ly  o b ta in ed  so lu b i l i ty  data for 

the cocrysta l .
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Figure 5.7: PXRD patterns o f  the SD :BA  1:1 cocrystal phases at different solution pH 

com pared to the initially added cocrystal and the single components, a) cocrystal at pH = 9.19, 

b) cocrystal at pH = 8.1 I, c) cocrystal at pH = 3.60, d) initially added cocrystal, e) BA and f) 

SD.

For the SD.SA I;1 cocrystal an approximately 1.8-fold higher solubility product (Ksp) 

than for the SD.BA cocrystal was determined with a value o f  1.39x 10"'’ ± 0.08x 10' ’̂ M '. 

The predicted solubility profile for different pH values is illustrated in Figure 5.8. A 

comparison with the calculated solubility curves o f  the single components showed that 

the cocrystal is stable below pH 3.5 at which it is more soluble than SA and SD. 

Experimentally obtained solubility data at pH 3.20 were consistent with the predicted 

solubility curve and PXRD analysis confirmed the presence o f  cocrystal as the only 

phase (Figure 5.9). Solubility values determined at pH 6.06 and 9.19 deviated from the 

calculated cocrystal solubility curve and were found to be a result o f  SD formation. 

PXRD analysis confirmed the presence o f  SD by the characteristic peak at 9.35° 20 

(Figure 5.9). However, at pH 6.06 SD was only weakly detectable indicating that SD 

formed to a smaller extent than at higher pH. These results confirmed the predictions 

that at pH > 3.5 formation o f  SD occurs. In order to stabilise the cocrystal at pH > 3.5 

the addition o f  excess SA and thus non-stoichiometric conditions would be required, 

similarly as was observed for the SD:BA cocrystal.
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Figure 5,8: Theoretical -  pH solubility profile for the SD:SA 1:1 cocrystal in water at 37 °C. 

The solid line represents the cocrystal solubility, the dashed and doited lines show the 

theoretical Sf3 and SA solubility dependent on the pH (derived from the Henderson-Hasselbalch 

relationship) and the cross symbols are experimentally obtained so lub ilit\ data for the cocrystal.
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Figure 5.9: PXRD patterns o f  the SD:SA I;1 cocrystal phases at different solution pH 

compared to the in itia lly  added cocrystal and the single components, a) cocrystal at pH 

= 9 .19, b) cocrystal at pH = 6.06, c) cocrystal at pH = 3.20, d) in itia lly  added cocrystal, 

e) SA and 0  SI).

-4
The SD;NA 1:1 cocrystal revealed a solubility product (Ksp) value o f 1.46x10 ±

-4 2
0.01x10 M and was therefore the most soluble cocrystal. In Figure 5.10 the resulting 

pH-dependent solubility profile is illustrated which shows that the cocrystal is more 

soluble than SD over the entire pH range supporting the initial findings that this 

cocrystal is unstable in water (Figure 5.4). Experimentally determined solubilities at 

different pH based on the transition concentration (C’ tr) at which cocrystal is in 

equilibrium with SD were in good agreement with the predicted solubility curve. These 

results confirmed the pH-dependence o f the Ctr (Bethune et al., 2009) and showed on 

the other hand that the cocrystal was stable at the given conditions. PXRD analysis was 

consistent w ith the solubility data as displayed in Figure 5.11. A t each pH the solid 

phase was a mixed phase o f cocrystal and SD confirm ing that transition concentrations 

were reached.
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Figure  5.10: Theore t ica l  -  pH  so lub i l i ty  p ro fi le  for the S D .N A  1; I cocrys ta l  in w a te r  at 37  °C. 

T h e  solid  line rep resen ts  the  cocrys ta l  so lub ility ,  the  d ash ed  and  do tted  lines sh o w  the 

theore tica l  S D  and  N A  so lub i l i ty  d e p e n d e n t  on  the  pH (der ived  from  the  H ende rson -  

H asse lba lch  re la t ionsh ip )  and  the  c ross  sy m b o ls  a re  ex p e r im en ta l ly  o b ta ined  so lub i l i ty  da ta  for 

the cocrvsta l .
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Figure  5.11:  P X R D  pat te rns  o f  the  S D iN A  1:1 cocrys ta l  p h ases  at the  trans i t ion  concen tra t ion  

(C|r) at d if fe ren t  so lu t ion  pH c o m p a re d  to the  initially  ad d e d  cocrys ta l  and  the  sing le  

c o m p o n en ts ,  a) at pH =  7.51, b) at pH  =  4 .83 ,  c) at pH =  3 .36 ,  d) initially  a d d e d  cocrys ta l ,  e) 

N A  and  0  SD.
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Overall, it was shown that for each cocrystal the solubility was pH-dependcnt and could 

be predicted by mathematical models which have been reported previously for 

cocrystals composed o f  one amphoteric and one monoprotic, one amphoteric and one 

diprotic acidic component (Bethune et al., 2009; Reddy et al., 2009) and for cocrystals 

composed o f  two amphoteric components (see Chapter 3).

When comparing the solubilities obtained for the SD:BA, SD.SA and SD;NA cocrystal 

with those o f  the previously investigated SD:4-ASA form I cocrystal which has been 

described in detail in Chapter 3, the following trend was revealed; The cocrystal 

solubility product (Ksp) increased in the order o f  SD ;BA <SD :SA <SD :4-A SA <SD :N A , 

whereas the coformer solubility increased in the order o f  4-A SA <SA <BA <N A . A 

summary o f  the values is presented in Table 5.1.

These findings showed that the cocrystal solubility (represented by the solubility 

product, Ksp) did not correlate with the solubility o f  the coformer. In the cases where the 

cocrystal and thus the presence o f  SD revealed a higher solubility than the coformer, as 

shown for the SD;SA and SD:4-ASA cocrystals, it was suggested that solution 

complexation o f  SD by the coformer might be the reason. However, as it has been 

shown in Chapter 3 for the SD:4-ASA cocrystal, based on phase solubility studies 

solution complexation was found to be negligible. Besides, for both, the SD;4-ASA and 

the SD;SA cocrystal, the measured SD solubility at Cu, [SD]i, was not significantly 

different from the solubility o f  SD, [SD]o indicating that SD was not solubilised by 4- 

ASA and SA, respectively.

In earlier work it was reported that a direct correlation between the cocrystal and 

coformer solubility is not always given and may be a result o f  different solid state 

interactions in the cocrystal lattice (Good and Rodn'guez-Homedo, 2009). Therefore, it 

was further investigated if  a correlation between the cocrystal solubilities and lattice 

energies can be established, based on calculation o f  the ideal solubility (Xijeai) o f  the 

cocrystals using the following equation

where AHm, Tm and R are the melting enthalpy (J/mol), the melting temperature (K) and 

the gas constant (J/mol K ' ') ,  respectively. T represents the solution temperature which 

in this case is 37 °C.
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H ow ever,  as show n in T ab le  5.2, the calcu la ted  ideal so lubili t ies  increased in the order 

o f  S D ;4 -A S A < S D ;B A < S D ;N A < S D :S A  and did there fo re  not correlate  with the 

expe rim en ta l ly  de term ined  solubilities  (T ab le  5.1). T h e  ideal solubilities  w ere  in 

general lO"* -  10̂ ’ times h igher  than the experim enta lly  m easu red  cocrystal solubilities, 

ind icating  non-ideal behav iou r  in water. T hese  results let conc lude  that the cocrystal 

solubilities  are contro lled  by the individual in teractions betw een  w ater, the solute  and 

the solid state since no corre la tion  can be es tab lished  to e i ther  the lattice energies or the 

c o fo rm er  solubilities. S im ilar  findings have been reported  by  G o o d  and R odgriguez- 

H ornedo  (2009).

Table 5.1: A summary o f  the results from solubility studies o f  four selected SD;aromatic 

carboxylic acid 1:1 cocrjstals (CC)  performed in water at 37°C.

Cocrystal Ksp(M') |coforiner|o'”

CC solubility 

advantage 

|CC|/|SD1„"'

SD:BA 7.71x!0 '^±  0.51x10'^ 4 . 0 4 x l 0 ' - ± 0 . 0 l x l 0 ' - 0.50

SD:SA 1.39x10'^ ± 0.08x10'*’ 2.55x10'- ± 0.04x10'- 0.98

SD;4-ASA“' 1 .91xl0 ' ’ ± 0 ,16x10 ' ’ 1 .49x10- ±0 . 00x1  O'-'-’ 1.23

SD;NA 1.46x10 '* ±0 .0 1 x 1 0  '̂ 19 .3x l0‘- ± 0 . 15x10- 6.21

aj refers to fo rm  I cocrystal, details can he fo u n d  in Chapter 3 

h) refers to coformer solubility in absence o fS D  

cj refers to the apparent (non-equiUhrium) soliihiliry 

d) calculation refers to Good and Rodriguez-Hornedo. 2009
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Table 5.2: A summary o f  the melting temperatures (T,„), melting enthalpies (AH,,,) and the 

thereof calculated ideal solubilities (Siiieiii) o f  the SD:BA, SD:SA, SD:4-ASA and SD;NA 1:1 

cocrystals using equation 5.9.

Cocrystal T„.(°C) AHn, (k.l/mol)'' Si,,,„i (mol/kg)‘"

SD;BA"’ 216.95 ± 1.23 41.06 ± 0 .9 6 0.16

S D :SA “' 196.65 ± 1.97 29.59 ± 0 .5 7 1.15

SD:4-ASA'’' 170.38 ± 0 .8 9 5 I .9 5 ± 3 .5 9 0.13

SD :N A ‘̂* 205.18 ± 0.71 33.63 ± 1.23 0.57

a) determined values for T,„ and AH„, refer to Chapter 4 

h) refers to form I cocrystal, details can he found in Chapter 3

c) the m elting enthalpy was norm alised by the cocrystal stoichiom etry

d) calcu lated by converting m ole fractions to m olality in water

The extent to which the coform er increased the solubility o f  SD was demonstrated by 

the ratio o f  cocrystal solubility measured at Ctr [CC] to SD solubility in the absence o f  

the coformer [SD |o (C C  solubility advantage). As displayed in Table 5.1, BA and SA 

showed no solubility advantage, whereas 4-ASA improved the solubility by a factor o f  

1.23. NA revealed the highest increase in solubility with a value o f  6.21. This order was 

consistent with the order o f  the cocrystal solubility (represented by Ksp). It was 

concluded that only sulfadimidine cocrystals composed o f  4-ASA and NA as coformers 

showed a solubility advantage with respect to the low-water soluble SD, the SD;NA 1; 1 

cocrystal being superior.

However, cocrystal solubility is usually inversely related to cocrystal stability (Reddy et 

al., 2009). The SD:NA 1:1 cocrystal was found to be unstable over the entire pH range 

but revealed the highest solubility referring to its Ksp value. The SD:BA, SD;SA and 

SD:4-ASA cocrystals were found to be less soluble but on the other hand stable, based 

on the PXRD analysis o f  the remaining solid, in the acidic environment at pH < 5, at <

3.5 and at pH <  4, respectively. From these results it was further concluded that in these

pH regions optimal conditions exist at which the cocrystals can be formed from water.
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5.3.2 Intrinsic dissolution studies  

Single components

T he  d issolution  pro llles  o f  BA, SA and N A  are illustra ted  in F igure 5.12. For all 

co m p o n en ts  d issolution w as  linear (R ‘ >  0 .99) and  analysis  o f  the surface o f  the 

com pac ts  at the end o f  the s tudy  by  IR spec troscopy  verif ied that no phase  changes  

occurred  (A ppend ix  4, F igure  A .4.2). T he  calcu la ted  in trinsic dissolution rates w ere  

com pared  with  the c o fo n n e r  s tud ied  in C h ap te r  3, 4 -A S A . T he  d issolution  rates 

increased in the o rder o f  4 -A S A < S A < B A < N A  (T ab le  5.3) and  w ere  therefore  consis ten t 

with the so lubility  results.

rhe disso lu tion  rate o f  SD  w as be tw een  9 - 6 3  t im es low er than those o f  the co fo rm er 

co m p o n en ts  (T ab le  5.3). Details  o f  the  d isso lu tion  b eh av io u r  o f  SD  can be found  in 

C h ap te r  3.
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Figure 5.12: Dissolution-time profiles o f  coformer components: BA (triangles), SA (diamonds) 

and NA (circles).
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T able 5.3: A summary o f  the intrinsic dissolution rates o f  the SD;BA, SD;SA, SD .4-A SA  form 

I and SD :N A  1:1 cocrystal (CC) com pared to equimoiar physical mixtures (PM ) and the pure 

components.

Type Components IDR (mmol/min/cm^) Difference (a = 0.05)

I’ure SI) 3.64xl()-*±0.12xl{)-* -

BA 73.50x10 - '± 5 .6 8 x l ( r^ -

SA 39.1{)xl()- '±3.()3xlO-' -

4-ASA 3 2 .6 0 x |0 '" ±  1.26x 10-' -

NA 230.16x1 O'" ±5 .93x10- ' -

CC SD:BA
SI); 1.54x1 O ''It 0.13x1 O '* 
BA: 1.66x1 O'" ±0 .09x1 O'"

SI): s. to pure SI) and PM 
BA: s. to pure BA, n..s. to PM**

SD:SA
SI): 3 .97x10 ' ' '±0 .13x10" ' 
SA: 4.01 X 10"'± 0.14x10'"

SI): s. 10 pure SI) and PM 
SA: s. to pure SA and PM

SD:4-ASA
SI): 5.09x1 O'" ±0.27x1 O'" 

4-ASA: 6.52x10'" ±0.33x10 '"

SI): 2.62x10'" ± 0.02x10'"

SI): s. to pure SD and PM 
4-ASA: s. to pure 4-ASA and PM

SI): s. to pure SD and PM
S1);NA NA: 17.02x1 O'" ± 1.18x10'"*. 

4.88x10'" ±0.35x10'"**
NA: s. to pure NA and P.M**, 

n.s. to PM*

PM SD:BA
SI): 2.39X 10 " ±  0.08x10'" 

BA: 3.51 X10'" ± 0.49x10'"*, 
1.75x1 O'" ±0.08x10'"**

SI): s. to pure SD and CC 
BA; s. to pure BA, n.s. to CC**

SD:SA SD: 2.88x1 O'" ±0.17x1 O'" 
SA: 3.15x1 O'" ±0 .17x1 O'"

SI): s. to pure SD and CC 
SA; s. to pure SA and CC

SD:4-ASA
SD: 3.89x1 O'" ±0 .09x1  O'" 

4-ASA: 9.78X 1 O'" ± 0,67x 10'"*, 
4.05x10'" ±0.28x10'"**

SI): 2.24x1 O'" ±0.08x10 '"

SD; n.s. to pure SD, s. to CC 
4-ASA; s. to pure 4-ASA and CC

SD: s. to pure SD and CC
SD:NA NA: 17.97x1 O'" ±0.08x10'"*, 

3.94x1 O'" ±0.27x10'"***’*
NA: s. to pure NA and CC**, 

n.s. to CC*

aj details can he found in Chapter J

* initial rate (estimated fro m  1=0 until t o f  I"  measuring point) 

**lim iting rate

h) based on 60-90  minutes data points  

s. = significantly different (p < 0.05) 

n.s. = not significantly different (p  >  0.05)
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SD:BA 1:1 cocrystal and physical mixture

As shown in Figure 5.13, the dissolution o f SD and BA from the SD;BA 1:1 cocrystal 

was linear (R^ > 0.99) and congruent over the entire time. The surface composition did 

not change, as confirmed by IR analysis (Figure 5.14). When compared to the pure 

components, the dissolution rates differed significantly. In comparison to dissolution 

rates o f the single components, the dissolution rate o f SD was more than 2-fold lower, 

whereas that o f BA was more than 47 times lower (Table 5.3).
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Figure 5.13; Dissolution profile o f SD;BA 1:1 cocrystal in water at 37 °C. Squares symbolise

SD, triangles represent BA.
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Figure 5.14: IR spectra o f a) SD:BA CC after ID, b) SD;BA CC before ID, c) SD;BA PM after 

ID, d) SD:BA PM before ID compared to e) BA and t) SD.

For a stoichiometric equivalent physical mixture the dissolution profiles were also 

linear (R ' > 0.99), however BA showed in itia lly  a faster release (Figure 5.15). Both 

components dissolved incongruently with SD dissolving faster than BA above 30 

minutes o f the dissolution study. However, no change in the surface composition was 

found by IR analysis (Figure 5.14). The dissolution rate was, in the case o f SD, 

significantly lower (1.5-fold) than pure SD, but significantly higher (1.6-fold) than SD 

from the cocrystal (Table 5.3). In the case o f BA, the in itia l dissolution was more than 

20 times slower than pure BA and more than 2 times faster than from the cocrystal, 

however the lim iting rate was not different to that o f the cocrystal (p > 0.05) (Table 

5.3).
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Figure 5.IS: Dissolution profile o f SD:BA 1:1 physical mixture in water at 37 °C. Squares

symbolise SD, triangles represent BA. The dashed line refers to the initial rate o f BA.
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A nalysis  o f  the com pac t  su rface  o f  the SD, BA, the S D :B A  1:1 cocrystal and the 

physical m ix tu re  by  SE M  is show n in F igure 5.16. For each material the surface 

m orp h o lo g y  w as  found to  be  different. For ex am p le  the surface  o f  the single 

co m p o n en ts  and  the S D ;B A  1:1 physical m ix tu re  revealed  a quite coarse  texture 

com pared  to the cocrystal af te r  d issolution. Furtherm ore , in con trast  to the cocrystal,  the 

physical m ix ture  show ed  a non-un ifo rm  surface  tex ture with re la tively  large voids at 

som e regions, a ttributed  to  its faster re lease o f  BA. T h e  cocrystal revealed  the m ost 

consis ten t surface  m o rp h o lo g y  with  a finer s tructure w hich  m igh t be a result o f  the 

congruen t d issolution  o f  SD  and  BA from the surface  o f  the com pac t.

Figure 5.16; SEM images o f  disk surfaces before dissolution o f  a) SD, b) BA, c) SD;BA 1:1 

cocrystal and d) SD:BA 1:1 physical mixture compared to disk surfaces after dissolution o f  e) 

SD, t) BA, g) SD:BA 1:1 cocrystal and h) SD:BA 1:1 physical mixture.
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SD:SA 1:1 cocrystal and physical mixture

Figure 5.17 illustrates the dissolution behaviour o f the SD:SA 1:1 cocrystal. Both
7 • ••

components dissolved linearly (R“ > 0.99) and congruentiy with dissolution rates ot 

3 .9 7 x !(r^±  0.13x10'^ forSD  and 4.01x|0'^ ± 0.14x10'^ for BA (Table 5.3). IR analysis 

confirmed that the surface did not change after dissolution (Figure 5.18). When 

compared to the single components, SD revealed a slightly faster dissolution rate, 

whereas the dissolution rate o f SA was almost 10 times lower than from the cocrystal 

(Table 5.3).
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Figure 5.17: Dissolution profile of SD;SA 1:1 cocrystal in water at 37 °C. Squares symbolise

SD, diamonds represent SA.
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I    I -  -  i/ ^
3600 3400 3200 3000 1600 1400 1200 1000 800 600

w avenum ber (cm ’ )

Figure 5.18: IR spectra o f a) SD;SA CC after ID, b) SD;SA CC before ID, c) SDtSA PM after 

ID, d) SD:SA PM before ID compared to e) SA and 0 SD.

An equiinolar physical mixture o f SD and SA showed a sim ilar dissolution behaviour to 

the cocrystal. As shown in Figure 5.19 both components dissolved linearly (R“ > 0.99) 

and up to 30 minutes congruently. IR analysis o f the surface o f the compact after 

dissolution revealed no changes (Figure 5.18). The dissolution rates o f SD and SA from 

the physical mixture were significantly lower (for SD: 1.4 times and for SA; 1.3 times) 

to those o f the cocrystal (Table 5.3). In comparison to the pure components, SD was 

found to dissolve 1.3 times slower and SA more than 12 times slower from the physical 

mixture (Table 5.3).
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Figure 5.19: Dissolution profile o f SD:SA 1:1 physical m ixture in water at 37 °C. Squares

symbolise SD, diamonds represent SA.
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S E M  analysis  o f  the surface o f  the co m p ac ts  before and after d isso lu tion  is show n in 

F igure 5.20. S im ilar  to BA, SA revealed  a quite  rough m o rp h o lo g y  af te r  d issolution , 

w hereas  the cocrystal and  the physical m ix ture  show ed  a finer s tructure. In general, 

re la tively  uniform  textures w ere  ob ta ined  for both, the cocrystal and the physical 

m ix tu re  after d issolution  w hich  w as p re su m ed  to be a result o f  their  s im ilar  dissolution 

b eh av io u r  sho w in g  congruen t re lease from the com pac t  surface.

Figure 5.20: SEM images o f  disk surfaces before dissolution o f  a) SD, b) SA, c) SD:SA 1:1 

cocrystal and d) SD:SA 1:1 physical mixture compared to disk surfaces after dissolution o f  e) 

SD, 0  SA, g) SD;SA 1:1 cocrystal and h) SD:SA 1:1 physical mixture.
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SD:NA 1:1 cocrystal and physical mixture

For the S D :N A  1:1 cocrystal l inear d issolution  over  the entire  t im e w as observed  in the 

case o f  SD  (R ‘ >  0.97), w h ereas  N A  disso lved  initially very  fast, fo llow ed by a s low er 

but linear rate until the end  o f  the s tudy  (F igure  5.21). Both co m p o n en ts  d issolved 

incongriiently  with NA  being  initially m ore  than 6 t im es  faster than SD  (T ab le  5.3). 

A nalysis  o f  the com pac t  su rface  by IR spec troscopy  sh o w ed  that the surface 

com posit ion  has changed . A s show n in F igure 5.22, after d isso lu tion  only bands 

a ttributed  to SD w ere  detec ted  indicating that NA  d isso lved  very  fast leaving SD  as the 

rem ain ing  phase  at the surface. T he  calcu la ted  d isso lu tion  rates w ere  in the case o f  SD 

approx im a te ly  1.4 t im es low er, possib ly  as a result  o f  the su rface  changes  and in the 

case o f  N A  m ore than 13 t im es (initial rate cons idered) low er than the pure com ponen ts  

(Table  5.3).
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F igure 5.21: Dissolution profile o f  SD.NA I;) cocrystal in water at 37 °C. Squares symbolise 

SD, circles represent NA. The dashed line refers to the initial rate o f  NA.
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Figure 5.22; IR spectra o f a) SD;NA CC after ID, b) SD;NA CC before ID, c) SD:NA PM after 

ID, d) SD;NA PM before ID compared to e) NA and t) SD.

A physical mixture o f SD and NA showed similar dissolution profiles to the cocrystal 

(Figure 5.23). SD dissolved linearly over the entire lime (R‘  > 0.99), while NA 

dissolved in itia lly  fast, however followed by a nonlinear release with declining rate 

over time. Like for the cocrystal IR analysis o f the compact surface after the study 

detected SD as the sole remaining phase, indicative o f the fast NA release (Figure 5.22). 

The calculated dissolution rate o f SD was found to be approximately 1.2 times and 1.6 

times lower than the cocrystal and pure SD, respectively (Table 5.3). For NA , the initial 

dissolution rate was nearly 13-fold lower than pure NA, but was not different to the 

initial rate o f the cocrystal (p > 0.05). The lim iting rate was calculated based on the time 

points between 60 and 90 minutes and was found to be more than 1.2-fold lower 

compared to the cocrystal. Moreover, the nonlinear dissolution behaviour o f  N A  was 

found to be directly proportional to the square root o f time (R^ > 0.99) and thus 

approximated matrix diffusion controlled release (Higuchi, 1963) (Figure 5.23).

A sim ilar dissolution behaviour was observed for a physical mixture composed o f 

benzamide and dibenzyl sulfoxide as reported in Chapter 2. Benzamide, the more 

soluble component dissolved by diffusion controlled square-root o f  time kinetics, 

whereas dibenzyl sulfoxide, the less soluble component was remained at the surface o f
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the compact. These findings were attributed to the dissolution from an inert matrix 

system as described by Higuchi (1967), where the more soluble component dissolves 

through a matrix o f the less soluble component as a result o f a greatly higher solubility 

(> 75-fold) and a lower weight fraction o f  benzamide than dibenzyl sulfoxide in the 

mixture.

The solubility ratio o f NA;SD was 83-fold, the same order o f  magnitude as compared to 

benzamide and dibenzyl sulfoxide. Therefore, it was concluded that the release o f NA 

in the presence o f SD in an equimolar ratio can be described in the same way as for 

benzamide and dibenzyl sulfoxide, where NA dissolves through a matrix o f  SD.
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Figure 5.23; Dissolution profile of SD:NA 1:1 physical mixture in water at 37 °C. Squares 

symbolise SD, circles represent NA. The dashed line refers to the square-root of time fit.



C h a p t e r  5: S o lu b i l i t y /  d i s s o lu t i o n  o f  s u l f a d im id i n e  c o c r y s ta l s

F ro m  S E M  a n a ly s is  o f  the  c o m p a c t  su r fa c e  a s  s h o w n  in F ig u re  5 .24 ,  it w a s  fo u n d  tha t  

a f te r  d is so lu t io n  S D  a n d  N A  s h o w e d  a r e la t iv e ly  fine su r fa c e  a n d  m o re  u n i fo rm  in 

te x tu re  th a n  the  co c ry s ta l  a n d  th e  p h y s ica l  m ix tu re .  T h e  p h y s ic a l  m ix tu re  re v e a le d  an 

in h o n io g e n e o u s  m o r p h o lo g y  w i th  re la t iv e ly  la rg e  v o id s  w h ic h  w a s  a s s u m e d  to be  

a t t r ib u te d  to the  re le a se  o f  N A .  T h e  co c ry s ta l  a lso  d i s p la y e d  v o id s  on  th e  su r fa c e  a f te r  

d is s o lu t io n  w h ic h  w a s  a t t r ib u te d  to  th e  N A  re le a se ,  s im i la r  to  th e  p h y s ic a l  m ix tu re .  

H o w e v e r ,  th e  su r fa c e  o f  th e  c o c ry s ta l  a p p e a re d  r a th e r  o rd e re d  c o m p a r e d  to  th e  p h y s ica l  

m ix tu re  w h ic h  m ig h t  be  a re su l t  o f  th e  in te ra c t io n s  su c h  as  h y d ro g e n  b o n d s  b e tw e e n  S D  

and  N A  in the  c o c ry s ta l  in th e  s o l id  s ta te .  A  s im i la r  su r f a c e  m o r p h o lo g y  h as  been  

o b s e rv e d  for  the  b e n z a m id e :d ib e n z y l  s u l fo x id e  co c ry s ta l  ( s e e  C h a p te r  2 )  a n d  w a s  th u s  

p r e s u m e d  to  be  a s s o c ia te d  w i th  th e  m a tr ix  c o n t ro l le d  re le a se  o f  o n e  o f  th e  c o m p o n e n ts .

Figu re  5.24:  SEM  images o f  disk surfaces before dissolution o f  a) SD, b) NA, c) SD ;N A  1:1 

cocrystal and d) SD ;N A  1:1 physical mixture com pared  to disk surfaces after dissolution o f  e) 

SD, 0  NA , g) SD:NA 1:1 cocrystal and h) SDiNA I : I physical mixture.
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An overall summ ary o f  the results and a comparison to the previously discussed SD;4- 

ASA cocrystal (see Chapter 3) is presented in Table 5.4 and shows to what extent the 

cocrystal revealed an advantage in dissolution o f  the poorly water soluble SD. Based on 

the IDR ratio o f  SD from the cocrystal to SD o f  the pure component, it was found that 

the SD;BA and SD;NA cocrystal revealed a slower dissolution o f  SD with a ratio o f  

0.42 and 0.72, respectively and thus no improvement in dissolution o f  SD. Furthermore, 

the SD:BA cocrystal showed no advantage over a physical mixture, while the 

dissolution rate o f  SD from the SD:NA cocrystal was higher than from the physical mix 

(Table 5.3). These findings were attributed to the possibly greater difference in solid 

state interactions between the SD;NA cocrystal and the equivalent physical mixture 

than between the SD:BA cocrystal and the equivalent physical mixture. In contrast, the 

SD.'SA cocrystal revealed a small advantage in dissolution compared to pure SD with 

an SD IDR ratio o f  1.09 (Table 5.4), however the dissolution rate o f  SD from the 

cocrystal was considerably higher than that o f  the physical mixture (Table 5.3), The 

SD:4-ASA cocrystal also showed a dissolution advantage in comparison to the physical 

mixture (Table 5.3) and to the pure SD, where the SD IDR ratio was 1.40 (Table 5.4).

In general, physical mixtures o f  SD:BA, SDiSA and SD:NA revealed a lower 

dissolution rate for SD compared to pure SD (Table 5.3). These fmdings deviate from 

the theoretical model describing dissolution o f  polyphase mixtures o f  two non

interacting components, where SD should dissolve at a rate proportional to the 

solubility and the diffusion coefficient (Higuchi el al., 1965). In the case o f  the SD.BA 

and SD:NA cocrystals, the SD dissolution rate was lower than that o f  SD alone (Table 

5.3); this suggests that interactions between the components may account for the lower 

than anticipated dissolution rate o f  SD from the physical mixtures.
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Table 5.4: A summary o f  the results from intrinsic dissolution studies and solubility studies o f  

four selected SD.aromatic carboxylic acid 1; 1 cocrystals (CC) performed in water at 37 °C.

C ocrysta l
IDR ratio  

ID R fc/ID Rs,,'”

C o m p o n en t

release

Solubility  ratio 

|cc |/|SD |,;'
Stability'"

Solubility

ratio

cof/SD"

SD:BA 0.42 congruent 0.50
congurently

saturating
17.46

SD:SA 1.09 congruent 0.98
congruently

saturating
10.99

S 0 :4 -A S A 1.40 incongruent 1.23
congruently

saturating
6.42

SD :N A 0.72 incongruent 6.21
incongruently

saturating
83.32

C l )  refers to form I cocrystal, details can he found in Chapter 3

h) refers to the ratio o fSD  dissolution rate from  the cocrystal to SD dissolution rate ( f  pure SD 

c> Table 5 .1

d) based on PXRD analysis

e) refers to the ratio o f  coformer/SD based on solubilities o f  single components

W hen com par ing  the IDR ratio (o f  SD  from the cocrystal to SD  a lone) w ith  the 

so lubility  ratios o f  the cocrysta ls  to SD  o r  co fo rm er  to SD  (T ab le  5.4), a trend w as 

found in the case o f  co ngruen tly  sa tura ting  cocrysta ls  co m p o sed  o f  BA, SA and 4 -A S A  

as conform ers , w hich  indicates that cocrysta l d isso lu tion , cocrystal so lubili ty  and the 

c o m p o n en t  so lubility  d iffe rence interrelate. A s show n in Table  5.4 for these three 

system s, the rank o rder  o f  the  IDR ratio  increased, as w as the case for the solubili ty  

ratio, w hile  the co fo rm er/S D  solubili ty  ratio decreased . Thus, for co ngruen tly  sa tura ting  

cocrystals ,  it can be conc luded  that a high d rug  d isso lu tion  rate will result w hen  the 

so lubility  o f  the cocrystal is high and the co fo rm er/d rug  so lubility  d iffe rence  is low. 

T he S D :N A  cocrystal,  w h ich  is incongruen tly  satura ting , behaved  d iffe ren tly  to the 

o ther three systems. T he IDR ratio w as  low, w hile  the cocrys ta l /SD  so lub ili ty  ratio w as 

high, as w as  co fo rm er/S D  solubili ty  ratio. It w as apparen t that the N A /S D  solubili ty  

d iffe rence w as  large (> 83-fold). A s p rev iously  d iscussed , this can result in m atrix-  

contro lled  d issolution  and  expla ins  the d isc repancy  betw een  d isso lu tion  an d  solubility, 

it can be conc luded  that a solubili ty  d iffe rence  be tw een  the co fo rm er and  SD  o f  less
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than 83, for the system s studied , results in th e rm o d y n am ica lly  s table  (congruently  

sa tura ting) cocrystals. H ow ever,  an increase in the SD d isso lu tion  rate, co m p ared  to SD  

alone, can only  be expected  i f  the so lubility  d iffe rence o f  the co fo rm er/S D  is low, as 

show n for the SD ;SA  and  S D :4 -A S A  cocrystal,  w here  the co m p o n en ts  can d isso lve 

congruen tly  or incongruen tly  (Table  5.4).

5.4 Conclusions

In sum m ary ,  the study  dem onstra ted  that the p H -d ep en d en t  so lubility  and  stability o f  

d iffe ren t S D iarom atic  carboxylic  acid cocrysta ls  cou ld  be p red ic ted  by  m athem atical 

m odels  w hich  co n tlrm ed  their use as a va luab le  tool in the dev e lo p m en t o f  

pharm aceutica l cocrystals . T he  pred ic tions sh o w ed  for all S D :arom atic  carboxylic  acid 

cocrystals  a so lubility  advan tage  over  the low  w a te r-so lub le  SD  at neutra l and basic pH, 

h o w ev er  precip ita tion  o f  SD  w as observed . N o  corre la tion  betw een  the cocrystal 

solubility , the co fo rm er  solubility  and the cocrystal lattice ene rg ies  could  be 

es tablished, ind icating that the cocrystal so lub ili ty  is con tro lled  by individual 

interactions be tw een  the solvent, solu te  and the solid  state.

Intrinsic d issolution  studies show ed  that, d ep en d in g  on the se lec ted  arom atic  carboxylic  

acid chosen  as coform er, cocrystals  can enhance  the d isso lu tion  rate o f  SD , but can also 

show no im provem ent or even a s low er d isso lu tion  rate co m p ared  to SD  alone and a 

physical mixture.

A re la tionship  w as show n for congruen tly  sa tu ra ting  su lfad im id ine  cocrystals , w here  

the intrinsic dissolution rate increased with increasing cocrystal so lubility  and 

decreas ing  co fo rm er/S D  solubility  difference.

For incongruently  sa tura ting  cocrystals , w hich  exhib it  a high co fo rm er/S D  solubility  

ratio (in the o rder  o f >  83) no advan tage  in the d isso lu tion  rate o f  SD  w as  observed. As 

a result o f  m atrix -con tro lled  release, SD  can contro l  the d isso lu tion  o f  the coform er.
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Chapter 6: General discussion

6.1 Introduction

In the past years, pharm aceu tica l  cocrysta ls  have em erged  as an in teresting class o f  

solid form with the potential for im prov ing  d rug  physicochem ica l and hence 

b iopharm aceu tical  properties co m p ared  to traditional solid state forms such as salts, 

so lvates/hydra tes  and po lym orphs .  H ow ever ,  in o rd e r  for cocrystals  to be o f  benefit  and 

to becom e fully im p lem ented  in the  pharm aceu tica l  industry, studies on cocrystals  

w hich  cover all s tages o f  drug  d ev e lo p m en t are essential.

T he  form ation  o f  cocrystals  has  been  reported  in increasing  n um bers  by a w ide  variety 

o f  researchers and various m eth o d s  o f  p roduction  have  been presented , w hereas  still 

re la tively  few studies have add ressed  so lubility  and  d isso lu tion , im portan t param eters  

for the eva lua tion  o f  new  drugs.

This  thesis has contribu ted  to the fundam ental unders tand ing  o f  cocrysta ls  w ith  a focus 

on solubility  and d issolution  s tudies and the investigation  o f  p roduction  techn iques  with 

an em phasis  on spray  drying.

6.2 Solubility  and d issolution  stud ies

O n e  o f  the ob jec tives  o f  this work w as to s tudy  the so lubility  and disso lu tion  o f  the 

benzam ide.'d ibenzyl sulfo.xide (B A M iD B S O ) l ; l  cocrystal (Eccles  et al., 2010), 

co m p o sed  o f  the poorly  w ate r  so lub le  d ibenzyl su lfox ide  (D B S O ) and  benzam ide  

(B A M ) as a co fo rm er  with a h igher  aqueous solubility . A graphical su m m ary  o f  the 

findings, w hich  have been described  in detail in C h ap te r  2, is presented  in F igure 6 . 1. 

O verall ,  the results from the so lubility  studies o f  the B A M :D B S O  1:1 cocrystal 

con f irm ed  the theoretical m odels  for b inary  cocrysta ls  in troduced by Rodn'guez- 

H ornedo  and co -w orkers  (N ehm  et al., 2006; G o o d  and  R o d rig u ez -H o m ed o ,  2009). it 

w as  dem onstra ted  that the so lubility  o f  the B A M iD B S O  1:1 cocrystal is a function o f  

the coform er, B A M , concentra tion  in w ater and that it decreases  w ith  increasing 

co fo rm er  concentra tion  (F igure  6.1), as w as  prev iously  show n  for different 

ca rbam azep ine  cocrysta ls  (N eh m  et al., 2006) and  for tw o indom ethacin  cocrystals  

(A lha law eh  et al., 2011) in organic  solvents, in general ,  the va lue  o f  the so lubility  

p roduc t and thus the cocrystal so lubili ty  was found  to be rela tively  low in contrast to 

values reported  in prior w ork  on ca rbam azep ine  and  indo them acin  cocrys ta ls  (N ehm  et 

al., 2006; A lhalaw eh  et al., 2011). R eferring  to the theoretical principles, low cocrystal 

so lub ili ty  (represented  by Ksp) and therefore  low so lubility  o f  the co m p o n en ts  is 

inversely  related to com plexa tion  in solution (represen ted  by K n  assum ing  a 1:1
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stoichiometry). As a consequence, a re la tive ly high complexation constant, K n  was 

determined fo r the B A M :D B S O  1:1 cocrystal in water, indicating strong solute-soliite 

interactions between the sulfoxide and amine functiona lity. This complexation resulted 

in an increase in the so lub ility  o f  the poorly w'ater-soluble DBSO and consequently the 

cocrystai was more soluble than DBSO alone.

jncongruently
saturating

S b a m /S d b s o  > 7 5

solution complexation -  |

D isso lu tio nSo lub ility

Total BAM concentration (mmol/ml)

Figure 6.1: Phase solubility diagram o f 1:1 BAM;DBSO cocrystai (CC). The horizontal line 

marks the solubility o f pure DBSO; the curved line represents the cocrystal solubility curve; the 

dotted line represents the solubility lim it o f complex determined from phase-solubility studies 

o f DBSO as a function o f BAM ; the tilled diamonds mark the experimental cocrystal solubility 

values (BAM  dependent); the dashed line represents stoichiometric concentrations o f cocrystal 

components that dissolution could follow in the ideal case; the tilled circle symbolises the 

transition concentration (DBSO/CC) and the cross illustrates the experimentally obtained 

transition concentration (DBSO/CC). Kn and Sham/Sduso represent the complexation constant 

o f the cocrystal and the solubility ratio o f BAM to DBSO, respectively.
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H ow ever, the cocrystal w as th e rm o d y n am ica lly  unstab le  in w ater  which is expected  

w hen  the co m p o n en ts  reveal a high solubility  d iffe rence  (S iu m /S duso > 75). A ccord ing  

to  reports by G o o d  and R odriguez-H ornedo  (2009) ,  i f  the co fo rm er so lubility  is about 

10-fold or m ore  than that o f  the drug, this w ill result  in the cocrystal being  m ore  soluble  

than the d rug  and being, as such, unstab le  in solution. T hese  findings could be 

graph ically  p resen ted  by m eans  o f  the phase so lub ili ty  d iagram  (F igure  6 .1) and  the 

tr iangu lar  phase  d iagram , d iscussed  in C hap te r  2 and  have h ighligh ted  once  again  the 

use o f  such phase  d iagram s as valuable tools  in the predic tion o f  cocrystal solution 

stability.

Besides, it w as dem onstra ted  that de term ina tion  o f  the B A M ;D B S O  1:1 cocrystal 

so lubility  by m eans  o f  the transition concen tra tion  (Ctr) is inaccurate  and overestim ates  

the result, as the cocrystal is incongruently  sa tu ra ting  and the co m ponen ts  show  

solution com plexa tion .  This  was expected  and has  been reported  e lsew here  (G ood  and 

R o d rig u ez -H o m ed o ,  2009).

D espite  the h igher  so lubility  o f  the cocrystal,  the d issolution  (based on intrinsic 

d issolution  studies) o f  the poorly  so luble  D B S O  w as  not enhanced  in com parison  to an 

eq u im ola r  physical m ix ture  and D B S O  alone. A s  the cocrystal so lubility  and thus 

com plexa tion  is a function o f  the cofo rm er,  d isso lu tion  studies perfo rm ed  in a 

d issolution  m edium  con ta in ing  the co fo rm er m igh t  help  to d raw  further conclusions. 

S im ilar  s tudies have been reported  by Lee et al., 2 0 1 0  based  on intrinsic d issolution  

studies o f  the acetam inophen :theophy ll ine  cocrysta l  using theophylline  solution as the 

disso lu tion  m edium .

Instead, it w as  show n that the poorly  so luble  D B S O  can control and  re tard d issolution  

o f  the m ore  so lub le  coform er, BA M  from the cocrystal.  From  a d ifferent perspective, 

these results indicate that a co fo rm er  with a low  aq u eo u s  solubility  can control the 

re lease  o f  a d rug  with a high solubility. T herefore ,  cocrysta ls  can also  be used as 

system s for contro lled  d rug  release for ex am p le  for d rugs w hich  have a narrow 

therapeutic  w indow  and for w hich  contro lled  d o s in g  is required  to m ain ta in  therapeutic  

levels w hile  avo id ing  toxic side effects. M aheshw ari  et al. (2012) have presented  som e 

w ork  on this approach  describ ing  h o w  to tailor the so lub ili ty  o f  gabapen tin  lactam with  

several less so luble  coform ers.
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T w o  further ob jec tives  in th is  thesis, w ith  respect to solubili ty  and disso lu tion , w ere  to 

investigate  different su lfad im id ine ;a rom atic  carboxy lic  acid cocrysta ls  and  to evaluate  

the im pact o f  the acid  co fo rm ers  on the so lubility  and dissolution. T herefo re ,  four 

su lfad im id ine  cocrysta ls  w e re  selected , th ree  o f  them  k now n  and p rev iously  reported, 

i.e. the su lfad im id ine ;4 -an iinosa l icy l ic  ac id  (S D :4 -A S A ) 1:1 form I cocrystal (Caira et 

al., 1992) (presented  in C h ap te r  3), the su lfad im id ine .benzo ic  acid (S D ;B A ) 1:1 and  the 

su lfad im id ine isa licy lic  ac id  (S D :S A ) l ; l  cocrystal (C aira  et al., 1995; A rm an  et al, 

2011; Patel et al., 1988) (p resen ted  in C h ap te r  5), and one  p rev iously  unreported  

cocrysta l ,  the su lfad im id ine :n ico tin ic  acid (S D ;N A ) 1:1 cocrystal (p resen ted  in C hap te r  

5) w h ich  w as d iscovered  in the s tudy  described  in C h ap te r  4.

T he  overall findings are p resen ted  g raph ica l ly  in F igure 6.2 based  on the S D ;4 -A S A  1;1 

form 1 cocrystal as an ex am p le  and in T ab le  6 . 1 w hich  prov ides further details.

W ith  the ob jective  o f  unders tand ing  ho w  ionisation p roperties  in fluence cocrystal 

so lubility ,  B ethune e t al., (2 0 0 9 )  and R eddy  et al., (2009) in troduced  several m ode ls  to 

pred ic t  the p H -d ep en d en t  so lubility  and  stability  from studies using  different 

ca rb am azep in e  cocrysta ls  and  a gabapen tin  cocrystal,.

T h ese  m odels  w ere  applied , w ith  appropria te  m odifications to accoun t for the different 

ion isation  properties  o f  co m p o n en ts ,  to p red ic t  the p H -d ep en d en t  so lubility  and stability  

o f  the su lfad im id ine  cocrys ta ls  (Table 6.1). In the case o f  the S I) ;4 -A S A  and S D ;N A  

1:1 cocrystals ,  a new , p rev ious ly  unreported  m odel w as es tab lished  in o rd e r  to enable 

the pred ic tions  for a cocrysta l  co m p o sed  o f  tw o  am pho te r ic  co m p o n en ts  (F igure  6.2).
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1.E+05

1.E+04

1.E+03

1.E+02

s
1.E+01

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

S4-asa/Ssp »  7 

IDR SD?
S4-asa/Ssq < 7 

IDR SDT

at pH 6.8

congruently saturating Incongruently saturating

F ig u re  6.2: Theoretical pH solubility profile (37 °C ) o f  the S D ;4 A S A  I;1 form I cocrystal 

containing two amphoteric components. The solid line represents the cocrystal solubility, the 

dashed and dotted lines show the theoretical SD  and 4 -A S A  solubility dependent on the pH 

(derived from the Henderson-Hasselbalch relationship). S4_ASA/Ssn and ID R  SD  represent the 

solubility ratio o f  4 -A S A  to SD and the intrinsic dissolution rate o f  SD  from the cocrystal, 

respectively.

The studies have confirmed the valid ity o f each individual model and have highlighted, 

as was previously reported by other authors (Bethune et al, 2009; Reddy et al., 2009), 

that the pH-solubility predictions provide important insights o f  how pH, solubility and 

stability o f cocrystals interrelate.

It was shown in Chapters 3 and 5 that the SD:aromatic carboxylic acid cocrystals 

resulted in U-shaped pH-solubility curves due to the amphoteric properties o f SD and 

that they were more soluble compared to the poorly water-soluble SD at neutral and 

basic pH, where the solubility increased with increasing pH (see also Figure 6.2). A t 

physiologically relevant pH o f for example 6.8, a solubility advantage in the range o f 8- 

56-fold for the cocrystals over SD can be expected, however precipitation o f the drug 

was observed in the study.
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In o rd e r  to keep  the cocrystal s tab le  at the g iven pH, m ore  co fo rm er  w ould  be required  

to p reven t drug  precipita tion. T h ese  findings can be deduced  from the solubili ty  product 

(Ksp) as it is a function o f  both drug  and co fo rm er  concen tra tion  as described  by 

B ethune  et al, (2009).

S o m e  s tud ies  have reported  that cocrystal so lubility  is a function o f  the co fo rm er 

solubility , w here  cocrystal so lubili ty  is high for co fo rm ers  w hich  exhibit  high solubility  

(G ood  and R o d rig u ez -H o m ed o  2009). O th e r  s tud ies  have show n  that this is no t a 

general trend  and d ep en d s  on the crystal lattice energ ies  and  the in teractions in the solid 

s tate o f  the individual cocrystal,  in particu larly  in w a te r  (G ood  and R o d rig u ez -H o m ed o  

2009).  S im ila r  findings w ere  o b served  for the S D iarom atic  ca rboxy lic  ac id  cocrysta ls  in 

w a te r  investigated  in the current w ork . N o  corre la tion  betw een  the cocrysta l solubility , 

the co fo rm er  so lubility  (Table 6 .1) and  the cocrystal lattice energ ies  could  be 

es tab lished , indicating that the cocrystal so lubili ty  is contro lled  by  a multifactorial 

in terp lay  betw een  the solvent, so lu te  and  the solid  state in teractions o f  the cocrystal 

com ponen ts .

F rom  the results it can be conc luded  that for cocrysta ls  co m p o sed  o f  ionisable 

co m p o n en ts ,  the co fo rm er  so lubility  and  thus the co fo rm er  to d rug  so lubility  ratio 

canno t  be considered  as the on ly  criterion for selec ting  a cocrystal with so lubility  

ad v an tag e  as pH o f  the m edium  m ay  have a considerab le  in fluence on  the so lub ili ty  and 

s tab il ity  (T able  6.1).

C onverse ly ,  consider ing  the so lub ili ty  p roduc t (Ksp), the sam e will app ly  for cocrystals  

c o m p o sed  o f  d ifferent d rugs with the sam e coform er; the so lubility  can be im proved  for 

a cocrystal con ta in ing  a less so luble  d rug  com pared  to one with a m ore  so lub le  drug. 

This  w as  show n  in studies by A lh a law eh  et al., (2012) and w as  assum ed  to be a result 

o f  so lva tion  effects.
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T a b le  6.1: A sum m ary o f  the results from solubility and intrinsic dissolution studies o f  four selected SD:aromatic carboxylic acid 1:1 cocrystals  performed in

water at 37 °C.

Cocrystal Class
Solubility ratio 

eof/SI)'”

Solubility 

ratio |CC|/|Sl)|„^’
Stability*"

lOR ratio 

lDRc(/IDRsi)'’

Component

release

SI):BA am photer ic :m onopro tic  acidic 17.46 0.50
congurently

saturating
0.42 congruent

SD :SA am photeric ;d iprotic  acidic 1 ().‘)9 0.98
congruently

saturating
1.09 congrucnt

S I) :4 -A S A "’ amphotcric :am photeric 6.42 1.23
congrucnlly

saturating
1.40 incongruent

SD :N A amphotcric :am pholeric 83.32 6.21
incongruently

saturating
0.72 incongruenl

a) refers to form  / cocrystal, details can be found in Chapter J

h) refers to the ratio o f  coformer/SD based on solubilities o f  single components

c) calculation refers to Good and Rodriguez-Hornedo. 2009

d) based on PXRD analysis

e) refers to the ratio o fSD  dissolution rate from  the cocrystal to SD dissolution rate o f  pure component
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Intrinsic d isso lu tion  rate s tudies show ed  that, in the case o f  co ngruen tly  satura ting  

( th e rm o d y n am ica lly  s tab le) cocrysta ls  the  drug  intrinsic  d isso lu tion  rate increased with 

increasing cocrystal so lubility  and decreas ing  co fo rm er  to drug  solubili ty  ratio (Table 

6.1). T hus ,  for an actual en h an cem en t o f  the d rug  d isso lu tion  rate, a low co fo rm er  to 

d rug  solubili ty  ratio  seem s to be preferred . H ow ever ,  this ratio  can change  with 

chang ing  pH. As show n in F igure 6.2 the ratio will increase w hen the cocrystal 

b eco m es  m ore  so luble  and  co n sequen tly  the congruen tly  sa tura ting  cocrystal will 

transfo rm  to an incongruen tly  sa tura ting  cocrystal.

Based on the f indings for incongruen tly  sa tu ra ting  cocrystals ,  such  as the S D ;N A  1:1 

cocrystal (T ab le  6 .1) and  the B A M ;D B S O  1:1 cocrystal (F igu re  6.1) w hich  exhibit a 

high co fo rm er  to d rug  so lubili ty  ratio, in the o rder  o f  >  75 (m o la r  so lubility),  d issolution 

can b eco m e  m atrix -con tro lled ,  w here  the less so luble  co m p o n en t  can control the 

d isso lu tion  o f  the m ore  so luble  com ponen t.

T he  f ind ings o f  the so lubility  and  d isso lu tion  studies desc ribed  in this w ork  show ed  that 

in general the so lubility  advan tage  th rough  the cocrystal approach  is assoc ia ted  with the 

lack o f  s tability  by  transfo rm ing  to the less so lub le  co m ponen t ,  usually  the drug. 

W he the r  this stability  issue will result in an ad van tage  in the d isso lu tion  rate m ay be 

in fluenced  by the co fo rm cr to drug  solubili ty  ratio at a par ticu lar  pH. H ow ever, this 

rem ains  to be clarified in further s tudies under incongruent stability  conditions  at 

phys io log ica l ly  re levan t pH. Few  studies have investigated  the in trinsic d isso lu tion  o f  

cocrysta ls  at different pH values (L ee  et al., 2010 ; C h eru k u v ad a  et al., 2011). For 

ex am p le  in the study  by C h eru k u v ad a  et al. (2011) based on the n itrofuran to in-p- 

am in o b en zo ic  acid cocrystal it w as show n  that the cocrystal sh o w ed  im proved  intrinsic 

d isso lu tion  rates in w ater, in 0.1 N HCl and  in pH 6.8 buffer co m p ared  to the reference 

d rug  (n itrofuran to in),  ho w ev er  conversion  to n itrofuran to in  hydra te  w as  observed .
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6.3 Co-grinding and co-spray drying of sulfadimidine with 4-aminosalicylic acid

A turther objective o f this thesis was to compare co-grinding and co-spray drying as 

alternative techniques in the formation o f suifadimidine:4-aminosalicylic acid 

cocrystals. Experiments were carried out by m illing in dry and liquid-assisted 

conditions at various times (15, 30, 45 minutes) and by spray drying using different 

molar ratios ( I ;2, 1:1, 2:1) o f sulfadimidine (SD) and 4-aminosalicylic acid (4-ASA). 

The studies were presented in Chapter 3 and were extended for further details in 

Chapter 4. An overall summary o f  the findings is presented in Figure 6.3.

CH,

HiN

I ]

1 : 2 , 2 : 1 , 2:1

/
b)

c )

C M P i^ l

1:1 cocrystal 
form I (known)

1:1 cocrystal _ 
form II (new)

Characterisation: 
PXRD, DSC, FTIR. EA, 
ssNMR, DVS, solubility, 

dissolution

► Structure analysis:
2 polymorphs in 1 crystal

Figure 6.3 : Co-processing o f sulfadimidine and 4-aminosalicylic acid by a) dry milling, b) 

liquid-assisted milling and c) spray drying.

It was shown that SD and 4-ASA formed only 1:1 cocrystals. Cocrystals o f other 

stoichiometry (1 :2 and 2:1) have not been observed.

The use o f dry m illing o f SD with 4-ASA as coformer did not result in cocrystal 

formation, while this method has been reported as successful in cocrystal formation for 

structurally related aromatic carboxylic acids such as benzoic and salicylic acid 

coformers (Caira et al., 1995). Although dry m illing did not result in cocrystal 

formation, this may be a result o f insufficient mechanical force that has been provided
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u nder the g iven  experim enta l  conditions . Instead, b inary  crysta lline  m ix tures  with so m e  

am o rp h o u s  phase  w hich  increased  with increasing m illing  tim e (de te rm ined  by  the 

decreas ing  d iffraction peak  in tensities  by P X R D  analysis  and increasing en thalp ies  o f  

the recrystallisation  exo therm  by  D SC  analysis)  w ere  obtained. S im ilar  findings w hich  

show ed  that am orph isa t ion  is a function o f  m illing  t im e have been reported  m any  tim es 

in the l i terature (M ufioz-M orris  and  M orris ,  1991; Bhatt and  M urty, 2008 ; Loureiro  et 

a l„  2009).

L iquid-assis ted  m illing  using  e thanol and ace tone  as so lvents  resulted in the formation 

o f  the SD.-4-ASA 1:1 form I cocrysta l  (d iscovered  and prev iously  reported  by C aira  in 

1992); in a pure form w hen  the  s tart ing  m ater ia ls  w ere  present in a 1:1 ratio. N o n e  o f  

the l iquid-assisted  m illed  p roduc ts  show ed  ev idence  o f  am orph isa t ion  (based  on P X R D  

and  DSC analysis). In con tra s t  to dry m illing, these  findings dem onstra te  the 

e ffec tiveness  o f  the l iqu id-assis ted  m ill ing  m ethod  in p roduc ing  cocrysta ls ,  as was also 

reported p rev iously  by several au tho rs  (Shan  et al., 2002; C h ilds  et al., 2008; Karki et 

al., 2007; Friscic and Jones, 2 0 0 9 /  M oreover,  the form ation o f  the S D :4 -A S A  1:1 form 

I cocrystal via the liqu id-assis ted  m ill ing  route has not been reported  e lsew here  and  is 

there fo re  p resen ted  for the first t im e in this thesis.

By spray  d ry ing  from ethanol and  acetone as so lvents  a po lym orph ic  form (form I!) o f  

the S D ;4 -A S A  1:1 cocrysta l w as  d iscovered  and  cou ld  also be genera ted  by  so lvent 

evapora tion  under eleva ted  tem pera tu re  conditions  (for details  see C h ap te r  3) from 

e thanol and  acetone. H ow ever ,  in con trast  to liqu id-assis ted  milling, none  o f  the th ree  

m ix ture  ratios investigated  (1:1, 1:2, 2 :1) resulted  in a pure  crysta ll ine  cocrystal 

product; this w as attributed  to e ither the p resence  o f  excess  crysta ll ine  4 -A S A  (in the 

case o f  1:2) or  the p resence  o f  excess  am o rp h o u s  phase  (in the case o f  1:1 and 2:1), 

w hich  w as  ho w ev er  not de tec tab le  by  D SC  for the 1:1 sp ray-dried  p roduc t  and thus not 

def in it ive ly  assignable.  A cco rd in g  to the literature, it is k now n  that crysta ll ine  SD  can 

transform  to the am o rp h o u s  state by  sp ray  d ry ing  (N olan , 2008). Based  on ev idence  

from sto ich iom etry  ana lysis  (b y  H P L C ), w h e re  it w as  show n  that the 1:1 spray-dried  

product con ta ined  8%  less m o la r  am o u n t  o f  4 -A S A  (as a result o f  a m ass loss induced  

by  sp ray  dry ing),  it w as  co n c lu d ed  that the observed  am o rp h o u s  phase  is a ttribu ted  to 

excess SD. Solubility  s tud ies  o f  the sp ray-dried  product co m p ared  to a re ference 

product (w'ith a h igher  d eg ree  o f  crysta ll in ity  and  1:1 s to ich iom etry ) p roduced  by  

so lvent evapora tion  gav e  further evidence: in contrast  to the re ference product,  the 

sp ray-dried  p roduc t revea led  a 2-fold  h igher  apparen t so lubili ty  o f  S D , w h ich  w as
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attributable to am o rp h o u s  SD. D espite these findings, it shou ld  be considered  that the 

am o rp h o u s  phase  induced  by spray  dry ing  m ay also be a m ix ed  phase  com posed  o f  SD 

and S D :4 -A S A  com plex . A ttem pts  to produce an a m o rp h o u s  com plex  o f  SD  and 4- 

A SA  in order to draw further conc lus ions  failed ho w ev er  (da ta  not shown).

In general,  the findings dem onstra ted  the feasibility o f  cocrysta l fom ia tion  via spray 

dry ing  using SD  and 4 -A S A  as cocrystal formers. H ow ever ,  it w as observed  that the 

purity  o f  the product can be affected  due  to the m ass loss o f  one  o f  the com ponen ts  

induced by sp ray  d ry ing  and  as a consequence  am orph isa t ion  o f  the excess  com ponen t 

is likely. Furtherm ore , sp ray  d ry ing  can result in the form ation  o f  po lym orph ic  forms. 

These  results p rom pted  interest for further studies on cocrysta l  formation using spray 

dry ing  as w ere  presented  in C h ap te r  4. A sum m ary  o f  the o u tco m es  is described  below 

in section 6.4.

In o rder  to investigate  the d iffe rences betw een  the S D ;4 -A S A  form I and the d iscovered 

form II cocrystal several charac terisa tion  techn iques  such as P X R D , D SC , elem ental 

analysis  (EA ), FTIR , ssN M R  and S C -X R D  w ere  used. F u rtherm ore ,  solubility, 

d issolution , long-term  (physical and chem ical)  stability  and  stability  at different 

hum idities  by DV S w ere  studied.

C onsidering  all the findings, it can be sum m arised  that, in com p ar iso n  to form 1 the 

form II cocrystal is a h igher energy  form (due to the req u irem en t o f  heat in order for it 

to be formed) with  a s im ilar m elting  behaviour ,  but is th e rm o d y n am ica l ly  less stable. 

Solubility  studies in w a te r  have dem onstra ted  that the form II cocrystal transfo rm s 

rapidly  to form 1, but can be stabilised by  the addition  o f  0 .1%  PV P (w /v) to the 

solution  to enable  m easu rem en t o f  the solubility. T he  use o f  PV P to stabilise  solid 

forms is know n and has been reported  m any  tim es in l i terature (S ek ik aw a et al., 1978; 

Raghavan  et al., 2001; Lindfors et al., 2008; A lonzo  et al., 2010 ; W arren  et al., 2010). 

T he de term ined  apparent so lubili ty  o f  the form 11 cocrystal w as  s im ilar  to the solubility  

o f  form I. As expected  from the solubility  results, and as for form I, the form II 

cocrystal revealed  an im proved  d issolution  rate o f  the poorly  w ate r-so lub le  SD in 

com parison  to a physical m ix ture  and  pure  SD.

H ow ever, it should  be noted that, in contrast to the fonn  I cocrystal (p roduced  by

liquid-assisted m illing  from a 1:1 ratio) for form 11 (p roduced  by sp ray  d ry ing  from a

1:1 ratio) the dissolution  results refer to a p roduc t with a S D :4 -A S A  sto ich iom etry

w hich  is not exactly  1:1 (i.e. 8%  less m olar am o u n t  o f  4 -A S A ).  Nevertheless,

considering  that the 4 -A S A  loss is low, it is believed that  a sp ray-dried  product o f
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e q u im o la r  s to ic h io m e t r y  w il l  h a v e  c o m p a r a b le  d i s s o lu t io n  ra tes  to  th o se  o f  th e  fo rm  II 

c o c ry s ta l  w i th  a 1 ;0 .92  S D :4 - A S A  s to ic h io m e t ry  a s  p r o d u c e d  in th e  c o u r s e  o f  th is  w o rk .  

T h is  m a y  b e  in v e s t ig a te d  in fu tu re  w ork .

C h a r a c te r i s a t io n  b y  P X R D ,  F T IR  a n d  '^C so l id  s ta te  N M R  c le a r ly  in d ic a te d  th e  

s t ru c tu ra l  d i f f e r e n c e  o f  the  fo rm  I! c o c ry s ta l  c o m p a r e d  to fo rm  I, a t t r ib u te d  to a 

d i f f e re n t  m o le c u la r  a r r a n g e m e n t  a n d  d i f fe re n t  m o le c u la r  in te rac t io n s .  T h e  u se  o f  

a d v a n c e d  so l id  s ta te  N M R  su c h  as  'H  a n d  '"’N  N M R  m ig h t  h a v e  p r o v id e d  m o re  d e ta i le d  

in fo rm a t io n .

F u r th e r  c la r i f ic a t io n  w a s  o b ta in e d  b y  c ry s ta l  s t ru c tu re  a n a ly s is  o f  th e  S D ; 4 - A S A  1;1 

fo rm  II c o c ry s ta l .  A s  d e s c r ib e d  in C h a p te r  3, c o n v e n t io n a l  s in g le  c ry s ta l  X - r a y  a n a ly s is ,  

a l th o u g h  th e  m o s t  re l ia b le  te c h n iq u e ,  d id  no t  a l lo w  for so lv in g  o f  th e  s t ru c tu re  d u e  to 

th e  o b s e r v a t io n  o f  n o n -c ry s ta l lo g ra p h ic  re f le c t io n s .  A l te rn a t iv e ly ,  P X R D  d a ta  w e re  

u se d  from  w h ic h  a c rys ta l  s t ru c tu re  c o u ld  b e  c a lc u la ted .  H o w e v e r ,  b a se d  o n  a c lo se r  

in s p e c t io n  o f  the  s in g le  c rys ta l  X - r a y  da ta ,  f o l lo w e d  b y  fu r th e r  d a ta  c o l le c t io n  u s in g  

s y n c h ro t ro n  ra d ia t io n  it w a s  d e m o n s t r a te d  th a t  th e  S D ;4 - A S A  1:1 fo rm  II co c ry s ta l  

re v e a ls  an u n u s u a l ly  c o m p le x  s t ru c tu re .  A l th o u g h  the  in v e s t ig a t io n s  a re  no t  yet 

c o m p le te d ,  th e re  is e v id e n c e  ( C h a p te r  3) th a t  th e  c o c ry s ta l  is c o m p o s e d  o f  tw o  

p o ly m o r p h s ,  in tc rg ro w n  in o n e  c ry s ta l .  S u c h  f in d in g s  h a v e  so  far o n ly  b e e n  re p o r te d  

o n c e  fo r  a m e ta l -o x o  h a l id e  (H u g o n in  et al.,  2 0 0 9 ) .  T h u s ,  th e se  o b s e r v a t io n s  p ro v id e  

im p o r ta n t  in s ig h ts ,  no t  o n ly  f rom  a c r y s ta l lo g ra p h ic  p o in t  o f  v ie w  a lso  f ro m  an 

in d u s t r ia l  p o in t  o f  v ie w ,  w ith  re s p e c t  to  th e  p ro d u c t io n  o f  m a te r ia ls .

In a d d i t io n ,  th e  re su l ts  d e m o n s t r a te  th e  s u p e r io r i ty  o f  th e  s in g le  c ry s ta l  X - r a y  te c h n iq u e  

u s in g  sy n c h ro t ro n  r a d ia t io n  as  th e  X - ra y  s o u rc e  fo r  s t ru c tu re  d e te r m in a t io n  in th e  case  

o f  m o r e  c o m p le x  s t ru c tu re s  c o m p a re d  to  th e  P X R D  te c h n iq u e .

S ta b i l i ty  te s ts  b a s e d  on  lo n g  te rm  s to ra g e  a n d  w h e n  e x p o s e d  to  d i f fe re n t  h u m id i t i e s  by  

D V S  a n a ly s i s  (u s in g  c o c ry s ta l s  p r o d u c e d  b y  l iq u id -a s s i s te d  m i l l in g  a n d  sp ra y  d ry in g )  

h a v e  s h o w n  tha t  b o th  th e  S D ;4 - A S A  1:1 from  1 a n d  fo rm  II c o c ry s ta l s  w e r e  p h y s ic a l ly  

a n d  c h e m ic a l ly  s ta b le  o v e r  a s to ra g e  t im e  o f  12 m o n th s  a t 6 0 %  R H  a n d  25 ° C  a n d  D V S  

a n a ly s i s  e n a b le d  th e se  c o c ry s ta l s  to  b e  c la s s i f ie d  a s  s l ig h t ly  h y g r o s c o p ic  a c c o rd in g  to 

th e  h y g r o s c o p ic i ty  c la s s i f ic a t io n  sy s te m  e s ta b l i s h e d  b y  M u r ik ip u d i  e t  al. (2 0 1 3 ) .

O th e r  c o c ry s ta l s  f ro m  the  S D :a ro m a t ic  c a rb o x y l ic  a c id  ty p e  w h ic h  h a v e  b een  

in v e s t ig a te d  fo r  s ta b i l i ty  by  D V S  (as  d e s c r ib e d  in C h a p te r  4 )  w e re  c la s s i f ie d  as  n o n -  

h y g ro s c o p ic .  S im i la r  f in d in g s  w e re  re p o r te d  b y  A n d r e w  et al. ( 2 0 0 6 )  a n d  B a s a v o ju  et al. 

( 2 0 0 7 )  fo r  th e o p h y l l in e  a n d  in d o m e th a c in  c o c ry s ta ls .
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attribu tab le  to am o rp h o u s  SD. D espite  these  findings, it should  be considered  that the 

am o rp h o u s  phase  induced  by  sp ray  d ry ing  m ay  also be a m ixed  phase co m p o sed  o f  SD 

and SD.-4-ASA com plex . A ttem pts  to p roduce  an a m o rp h o u s  com plex  o f  SD  and 4- 

A S A  in o rder  to d raw  further conc lus ions  failed h ow ever  (da ta  not shown).

In general ,  the findings dem onstra ted  the feasibility  o f  cocrystal form ation via spray 

d ry ing  using  SD  and 4 -A S A  as cocrystal formers. H o w ev er ,  it w as  observed  that the 

purity  o f  the p roduc t  can be affec ted  due to  the m ass  loss o f  one o f  the com ponen ts  

induced  by  sp ray  dry ing  and  as a con seq u en ce  am orph isa t ion  o f  the excess  com ponen t  

is likely. Furtherm ore , spray  dry ing  can result  in the fo rm ation  o f  po lym orph ic  forms. 

T hese  results  p rom pted  interest for further s tudies on cocrystal form ation using spray 

d ry ing  as w ere  p resented  in C h ap te r  4. A su m m ary  o f  the o u tco m es  is described  below  

in section 6.4.

In o rde r  to investigate  tiie d iffe rences  be tw een  the S D ;4 -A S A  form 1 and the d iscovered  

form II cocrystal several charac terisa tion  techn iques  such  as P X R D , DSC , elem ental 

analysis  (E A ),  FTIR , ssN M R  and S C -X R D  w ere  used. Furtherm ore , solubility, 

d isso lu tion , long-term  (physical and  chem ica l)  s tab ility  and  stability  at different 

hum id ities  by D V S w ere  studied.

C onside ring  all the findings, it can be su m m arised  that, in com parison  to form I the 

form II cocrystal is a h igher  ene rgy  form (due  to the requ irem en t o f  heat in order for it 

to be form ed) with a s im ilar m elting  behaviour ,  but is th e rm o d y n am ica l ly  less stable. 

Solubility  s tudies in w ate r  have dem onstra ted  that the form II cocrystal t ransform s 

rapidly  to form I, but can be stabilised  by the addition  o f  0 .1%  PV P (w /v) to the 

solution to enab le  m easu rem en t o f  the solubility. T he use  o f  P V P  to s tabilise  solid 

form s is k n o w n  and has been reported  m an y  tim es in li terature (S ek ikaw a et al., 1978; 

R aghavan  et al., 2001; L indfors et al., 2008; A lonzo  et al., 2010 ; W arren  et al., 2010). 

T he d e te rm in ed  apparen t so lubility  o f  the form II cocrystal w as  s im ilar  to the solubility  

o f  form I. As expected  from the so lubility  results, and as for form I, the form II 

cocrystal revea led  an im proved  d isso lu tion  rate o f  the poorly  w ate r-so lub le  SD  in 

com parison  to a physical m ix tu re  and pure SD.

H ow ever, it should  be no ted  that, in con trast  to the form  I cocrystal (p roduced  by 

l iqu id-assisted  m illing  from a 1:1 ratio) for form II (p roduced  by spray  dry ing  from a 

l ; l  ratio) the d issolution  results re fer  to a product with a S D :4 -A S A  sto ich iom etry  

w hich  is not exactly  1:1 (i.e. 8%  less m o lar  am o u n t  o f  4 -A S A ).  N evertheless,  

consider ing  that the 4 -A S A  loss is low, it is believed that a spray-dried  product o f
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eq u im o la r  s to ich iom etry  will have co m p arab le  d isso lu tion  rates to those o f  the form II 

cocrystal w ith a 1 ;0.92 S D ;4 -A S A  sto ich iom etry  as p roduced  in the course  o f  this work. 

This  m ay  be investigated  in future work.

C harac terisa tion  by P X R D , FTIR  and '^C solid state N M R  clea rly  ind icated  the 

structural d iffe rence  o f  the form  II cocrystal com pared  to form I, a ttribu ted  to a 

different m o lecu la r  a r rangem en t and different m o lecu la r  interactions. T he  use o f  

advanced  solid  state N M R  such as 'H  and ' ‘̂ N N M R  m ight have prov ided  m ore  deta iled  

infomnation.

Further c lar ification  was obta ined  by crystal s tructure analysis  o f  the S D :4 -A S A  1:1 

form II cocrystal.  A s described  in C h ap te r  3, conven tiona l single crystal X -ray  analysis , 

a l though the m ost re liab le  technique , did not a llow  for so lv ing  o f  the s tructure due  to 

the observa tion  o f  non -c rys ta llograph ic  reflections. A lternatively , P X R D  data were 

used from w hich  a crystal s tructure could  be ca lcu la ted . H ow ever,  based  on a closer 

inspection o f  the sing le  crystal X -ray  data, fo llow ed by  further data  co llec tion  using 

synchro tron  radia tion  it was dem onstra ted  that the S D :4 -A S A  1:1 form II cocrystal 

reveals an unusually  com plex  structure. A lthough  the investigations are not yet 

com ple ted ,  there is ev idence  (C h ap te r  3) that the cocrystal is co m p o sed  o f  two 

p o lym orphs ,  in tergrow n in one crystal. Such findings have so far on ly  been reported 

once for a m eta l-oxo  halide (H u g o n in  et al., 2009). Thus, these observ a tio n s  p rovide 

im portan t insights, not on ly  from a crysta llograph ic  point o f  v iew  also  from an 

industrial po int o f  v iew, with respect to the p roduction  o f  materials.

In add ition , the results  dem onstra te  the superiority  o f  the single crysta l X -ray  techn ique  

using synchro tron  radia tion  as the X -ray  source  for s tructure  de term ina tion  in the case 

o f  m ore com plex  structures  com pared  to the P X R D  technique.

S tability  tests  based  on long term  storage and w hen  exposed  to d i t le ren t  hu m id it ies  by 

D V S analysis  (using  cocrystals  p roduced  by  liqu id-assis ted  m ill ing  and  sp ray  dry ing) 

have sh o w n  that both the S D :4 -A S A  1:1 from I and  form II cocrys ta ls  w ere  physically  

and ch em ica l ly  s table  o v er  a s to rage t im e o f  12 m o n th s  at 60 %  RH and  25 °C and  DV S 

analysis  enab led  these  cocrystals  to be classified  as slightly  hygroscop ic  acco rd ing  to 

the h y groscop ic ity  class ifica tion  system  estab lished  by M urik ipudi et al. (2013).

O ther cocrys ta ls  from  the S D ;arom atic  ca rboxy lic  acid type w hich  have  been 

investigated  for stability  by D V S (as described  in C h ap te r  4) w ere  class if ied  as non- 

hygroscop ic . S im ilar  findings w ere  reported  by  A n d rew  et al. (2006) and B asavo ju  et al. 

(2007) for th eophy ll ine  and indom ethacin  cocrystals.
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It can be concluded that the cocrystals investigated are stable solid state forms and 

provide thus a favoured property for drug formulation.

6.4 Evaluation of cocrystal formation by spray drying

With reference to the findings presented in Chapter 3, a further objective was to 

investigate the potential o f spray drying for screening o f new sulfadimidine cocrystals 

and for polymorphic forms o f known sulfadimidine cocrystals and to provide an overall 

evaluation o f cocrystal formation by spray drying compared to common crystallisation 

methods. The study was based on three known sulfadimidine (SD).aromatic carboxylic 

acid cocrystals composed o f benzoic, salicylic and 4-aminosalicylic acid (BA, SA, 4- 

ASA) as coformers and two other aromatic carboxylic acids, nicotinic (NA) and 

pyrazine-2-carboxylic acid (PCA), as potential cocryslal formers with sulfadimidine. 

The production techniques used as comparators to spray drying were liquid-assisted 

m illing, solvent evaporation and cooling crystallisation. A detailed discussion has been 

presented in Chapter 5. Figure 6.4 illustrates an overview o f the study and the outcome.

a)

A . .^CH3

oi' 1:1

OM

OH

Cyc-sM

V j* # '

C)

d)

I Cocrystal 
I No Cocrystal

New cocrystal discovered:

i
Figure 6.4: Co-processing o f sulfadimidine with five aromatic carboxylic acids as coformers 

using a) spray drying, b) liquid-assisted milling, c) solvent evaporation and d) cooling 

crystallisation. Results are based on XRD and DSC analysis.
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Chapter 6: General discussion

In su m m ary  the s tudy  has show n  that spray d ry ing  is a successful alternative to 

co m m o n  crysta llisation m eth o d s  such as l iqu id-assisted  m illing, so lven t evaporation  

and  coo ling  crysta llisation in the form ation  o f  cocrystals.

From the tlve tested S D iarom atic  ca rboxy lic  ac id  co m p o s ite  system s, four resulted in 

cocrystal formation, independen tly  o f  the techn ique  and so lvent used.

By co-p rocess ing  o f  SD  and  N A  a new  cocrystal has been d iscovered ,  the S D ;N A  1:1 

cocrystal and is thus p resen ted  for the first t im e in this thesis. C ocrysta l  form ation was 

not successful in the case o f  the S D :P C A  1:1 sys tem s using each crysta llisation 

techn ique  and solvent, it w as  show n that this is a result o f  the structura l features o f  

PCA , a ttributable  to in tram olecu la r  h y d ro g en -b o n d  form ation w hich  inhibits  cocrystal 

formation.

F urtherm ore , 4 -AS A w as  the on ly  co fo rm er  w here  spray d ry ing  g en e ra ted  a cocrystal (a 

po lym orph ic  form ) w h ich  cou ld  not be ob ta ined  by the o ther  techniques.

4 -A S A  is the on ly  arom atic  carboxy lic  ac id  with an am in o  g roup, it m ay  therefore be 

in teresting to screen for cocrystal p o ly m o rp h s  using SD  and o ther  am ino  arom atic  

carboxylic  acids. Besides, it w ou ld  be in teresting  to ex am in e  w h e th e r  m ore  cocrystals  

with such an unusual and co m p lex  crystal s tructure  as observed  for the S [) ;4 -A S A  1:1 

form II cocrystal (d iscussed  in C h ap te r  3) will be d iscovered .

A lthough  no broad  co n c lu s io n s  can be d raw n  because  the s tudy  w as  l im ited  to a small 

selection  o f  materia ls , it w as  observed  in the curren t s tudy that for sp ray  dry ing  and 

liquid-assisted  m illing  the type o f  so lven t had genera l ly  no im pact on the product result, 

based on analysis  by P X R D  and DSC. S im ilar  observa tions  have  been reported by 

A lhalaw eh  and V elaga (2 010) for ca rb am azep in e-g lu ta r ic  ac id  and  indom ethacin- 

n ico tinam ide  cocrysta ls  p ro d u ced  by sp ray  dry ing . H ow ever,  acco rd in g  to the literature, 

in the case o f  liqu id-assis ted  g rind ing  the  cho ice  o f  so lvent can h av e  an im pact on the 

result, w here  d iffe ren t coc rys ta ls  can be genera ted  by the add ition  o f  d iffe ren t solvents  

(Friscic  and Jones, 2009; C hiero tti  et al., 2010).

In contrast,  for so lvent evapora tion  and coo ling  crysta ll isa tion , depend ing  on the 

solvent, the degree  o f  purity  o f  the p roduc t  varied  (based  on  D SC  analysis). T hese  

findings are in ag reem en t w ith  the literature, w here  it is reported  that cocrystal 

form ation  by so lven t-based  m ethods  such  as so lven t evapora t ion  and cooling  

crysta llisation  is in fluenced  by the so lubilities  o f  the individual co m p o n en ts  in a g iven 

so lvent (W oute rs  and  Q uere ,  2012).
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Chapter 6: General discussion

hi general,  it has been observed  that sp ray  d ry ing  can induce a m ass loss o f  one o f  the 

com ponen ts ,  as in the case o f  BA, SA and 4 -A S A  as co fo rm ers ;  although the reason for 

this m ass loss is unclear. M ass  loss can, in fact, o ccu r  for both com ponen ts .  As a 

consequence ,  the resulting product can e ither conta in  so m e unreacted  crysta lline or 

am o rp h o u s  phase  or ju s t  reveal a low er yield. S ince the m ass  loss can be very  sm all, a 

careful p roduct ana lysis  is required.

It is obv ious  that for a detailed  eva luation o f  cocrystal form ation  by  spray drying, (with 

respect to the quality) further analysis  o f  all gene ra ted  p roduc ts  will be required. 

Besides, m ore  s tud ies using a b roader solvent se lec tion  are  n ecessa ry  to e lucida te  what 

role the so lvent p lays in cocrystal form ation by sp ray  drying.

In spite o f  these  l im itations/issues and a lthough  liqu id-assis ted  m illing  is the m ore 

env ironm enta lly -f r iend ly  o f  all m ethods, spray  d ry ing  offers  an in teresting  a lternative 

with the possib ility  o f  faster cocrystal form ation than so lven t evaporation  and cooling  

crysta llisation  as show n by A lhalaw eh  and V e laga  (2010).
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Main findings





M ain  f indings

•  Based on tiie benzam ide :d ibenzy l  su lfoxide cocrystal and  four 

su lfd im id ine :a rom atic  carboxylic  acid cocrysta ls  studied  in this thesis  it was 

dem onstra ted  that the theoretical m odels  desc r ib ing  the solubility  and stability  

o f  cocrysta ls  in troduced by R od r ig u ez -H o rn ed o  and  co -w orkers  are re liable and 

have h ighligh ted  their  im portance  for the deve lopm en t o f  pharm aceu tica l  

cocrystals.

•  Phase solubility  and tr iangu lar  phase  d iag ram s have been c o n t ln n e d  to be 

va luable  tools  in the predic tion  o f  cocrystal stability.

•  For the first t im e a m odel w as  p resen ted  w hich  enables  the p H -d ep en d en t  

solubili ty  and  stability  o f  a cocrystal co m p o sed  o f  tw o am photer ic  com ponen ts  

to be predicted.

•  T he  aqueous  solubility  o f  cocrysta ls  with ionisable  charac te r  is a quite  com plex  

property ; it seem s to be con tro lled  by the individual interactions be tw een  

solvent, solute and solid state; m ore  s tud ies  are required  to elucida te  the 

m echan ism s  and consequen tly  to ta ilo r  the aq u eo u s  solubility.

•  C ocrysta ls  com posed  o f  co m p o n en ts  w hich  reveal a large solubili ty  d iffe rence, 

in the o rder  o f  >  75 (m o la r  so lubility),  w ere  found to have no advan tage  in the 

d isso lu tion  rate o f  the poorly  w a te r-so lub le  d rug  over the d rug  alone.

•  T he  s tudies have em phasised  that the cocrystal approach  prov ides  advan tages  in 

the solubility  com pared  to poorly  w a te r-so lub le  drugs, ho w ev er  this advan tage 

is assoc ia ted  with the lack o f  s tability  by transfo rm ing  to an incongruently  

sa tura ting  system , resu lting  in precip ita tion  o f  the drug. W hat im pact this 

transfo rm ation  has on the d isso lu tion  rate is assum ed  to be dependen t  on the 

co fo rm er to d rug  so lubility  ratio  at the g iven  pH conditions. H ow ever, further 

studies under incongruent s tab il ity  cond itions  at physio log ica lly  re levant pH are 

necessary  and will p rov ide  a be tte r  unders tand ing ,  w hich  is the essential 

requ irem ent to render the cocrystal approach  successful.

•  For the first t im e formation o f  the su lfad im id ine ;4 -am inosa l icy l ic  acid 1;1 form 

I cocrystal via a solid state rou te  using l iquid-assisted  m illing  w as presented.

•  T w o  new  cocrysta ls  have  been  d iscovered : (1) A po lym orph ic  form (form  II) o f  

the sulfadimidine;4-aiTiinosalicylic ac id  1:1 cocrystal.  T he  po lym orph  reveals  an 

unusually  com plex  crystal s truc tu re  ind icating  the p resence o f  tw o po lym orphs  

in one. (2) T he  su lfad im id ine ;n ico tin ic  acid 1:1 cocrystal.

193



M a in  l lndings

•  4 -am inosa iicy iic  acid w as the on ly  arom atic  carboxy lic  acid co tb r in e r  which 

tb rm ed  a p o ly m o rp h ic  cocrystal w ith  su lfadim idine .

•  N o n e  o f  the crysta llisation techn iques  used enab led  cocrystal fo n n a tio n  o f  

su lfad im id ine  with pyraz ine-2 -carboxy lic  ac id as coform er.

•  Spray  d ry ing  w as found to be a successful alternative  in the form ation  o f  

cocrysta ls  co m p ared  to o ther co m m o n  crysta llisation m ethods  such as liquid- 

assisted  m illing, so lvent evaporation  and coo ling  crystallisation. H ow ever ,  it 

w as observed  that the purity  o f  the product can be affected  due  to a m ass  loss o f  

one o f  the starting co m p o n en ts  during  processing  and as a co n seq u en ce  

am orph isa tion  o f  the unreacted co m p o n en t(s)  is possible . Thus, a careful 

p roduct ana lysis  is required. T hese  findings should  be considered  for process  

op tim isation.

•  All su lfad im id ine :arom atic  carboxy lic  ac id  cocrysta ls  investigated  were 

physically  stable, as w as supported  by  DV S studies and are c lass ified  as non- 

hygroscop ic  or slightly  hygroscopic .
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Future work

•  Intrinsic dissolut ion s tudies  o f  the sulfadi in id ine:aromat ic  carboxyl ic  acid 

cocrys ta ls  under  incongruent  s tabil ity cond i t ions  (at neutral  or  basic p H )  in 

order  to evaluate  the impact  o f  an enhanced  solubi li ty,  but  deter iorated  stabi li ty 

on the d issolut ion rate.

• Opt imisa t ion o f  the spray drying process  for ach iev ing the formation o f  a pure  

(s to ichiometr ica l ly  equimolar )  su l fad imid ine;4-aminosal i cyl i c  ac id  form 11 

cocrys tal  follow ed by intrinsic d issolut ion s tudies  o f  the result ing product.

•  Com ple t i on  o f  the crystal  s tructure determinat ion o f  the sul fadimidine:4-  

aminosal icyl ic  acid 1:1 form I! cocrystal .

•  Analys is  o f  the  sul fadimidine:4-aminosal i cyl ic  acid 1:1 form II cocrys tal  by 

advanced  sol id state N M R ,  such as proton and ni trogen N M R  such as 'D  'H 

M A S  and C R A M P S ,  2D 'H D Q  M A S ,  'H ‘T  C P M A S  and H E T C O R  and  '"N 

C P M A S .

•  Puri ty analys is  by H PL C  o f  the sul fadimid ine :aromat i c  carboxyl ic  acid 

cocrystals  produced by sp ray drying,  l iquid-ass isted  mill ing,  so lvent evaporat ion 

and cool ing crys ta ll isat ion in orde r  to draw fur ther conclus ions  for evaluat ing 

the overall  product  quali ty.

•  Solubi li ty,  d issolut ion and stability s tudies  o f  the sul fadimidine:aroniat ic  

carboxyl ic  acid cocrys tals  presented in C h ap te r  4 that were produced by spray 

drying.

•  Studies  on the formation o f  po lymorph ic  cocrys ta ls  us ing sul fadimidine  and 

di fferent  am ino  aroma t ic  carboxyl ic  ac ids  by spray drying  and character isat ion 

o f  their crystal  structure.
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Figure A. 1.1: PXRI) pattern o f  remaining solid after 24 hours solubility study when cocrystal 

is the excess phase o f a) 12mg/ml BAM  added, b) 9mg/ml BAM  added, c) 6mg/ml B A M  added 

compared to d) 1.1 BAM .DBSO  cocrystal.
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Figure A. 1.2 : DSC thermograms o f remaining solid after 24 hours solubility study when

cocrystai is the excess phase o f  a) I2m g/m l B A M  added, b) 9mg/ml BAM  added, c) 6mg/ml 

B A M  added compared to d) 1:1 BAM :DBSO  cocrystal.
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Figure A .1.3: PXRD pattern o f remaining solid at the transition concentration after 24 hours 

equilibration o f a) a slightly undersaturated liA M  solution with excess DBSO and b) a 

presaturated DBSO solution with excess cocrystal compared to c) 1;1 BAM.DBSO cocrystal 

and d) DIJSO.
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Figure A.1.4: DSC thermograms o f remaining solid at the transition concentration after 24 

hours equilibration o f a) a slightly undersaturated BAM solution with excess DBSO and b) a 

presaturated DBSO solution with excess cocrystal compared to c) 1:1 BAM:DBSO cocrystal 

and d) DBSO.
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Figure A .I .5: IR spectra o f compact surface before and after intrinsic dissolution (ID ) studies 

o f  a) 1:1 BAM ;DBSO  cocrystal after dissolution, b) l ; l  BAM ;DBSO  cocrystal before 

dissolution, c) BAM :DBSO  (1:1) physical mixture after dissolution, d) BAM :DBSO (1:1) 

physical mixture before dissolution compared to e) DBSO before dissolution.
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Appendix 2

exo
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Temperature (°C)

150 175 200 225

Figure A.2.1: DSC thermograms o f a) 4-ASA, milled 45 min, b) 4-ASA, milled 30 min, c) 4- 

ASA, milled I5min, d) 4-ASA, raw material, e) SD, milled 45min, 0 SD, milled 30min, g) SD, 

milled I5min and h) SD, raw material.
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Figure A.2.2 : DSC thennograms o f a) 4-ASA, spray-dried, b) SD, spray-dried and c) SD:4- 

ASA 2; I , spray-dried.
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ooo

Diffraction angle (20)

Figure A.2.3: PXRI) patterns o f a) 4-ASA, spray-dried, b) 4-ASA, raw material, c) SD, spray 

dried and d) SD, raw material.
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Figure A.2.4: ' ̂ C CPMAS spectra o f  reference samples o f a) SD;4-ASA 1:1 physical mixture, 

b) 4-ASA, spray-dried, c) 4-ASA raw material, d) SD, spray-dried and e) SD, raw material.
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Figure A.2.5 : PXRD pattern o f a) solid remaining phase at the transition concentration, b) 

SD:4-ASA 1;1 form I cocrystal and c) SD.
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Figure A.2.6: Concentration -  time profile o f the SD:4-ASA 1:1 form ! cocrystal and pure SD 

in water at 37 °C. Diamonds and triangles symbolise SD and 4-ASA from the cocrystal, circles 

represent pure SD.
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Figure A.2.7: PXRD patterns o f  the solid phase during dynamic solubility studies in water at 

37 °C o f  the SD:4-ASA 1:1 form I cocrystal: a) at 10 minutes, b) at 20 minutes, c) at 30 

minutes, d) at 60 minutes compared to e) SD;4-ASA l;l  form I cocrystal before subjected to 

solubility test and t) SD, raw material.
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Figure A.2.8: Concentration -  time profile o f  pure SD and SD from the SD:4-ASA 1:1 form 1 

cocrystal in water and in 0.1% (w/v) PVP solution (37 °C). Closed and open circles represent 

SD concentrations of pure SD with and without PVP, respectively. Closed and open diamonds 

symbolise SD concentrations o f  the form 1 cocrystal with and without PVP, respectively.
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Figure A.2.9: Concentration -  time profile o f the SD:4-ASA I :l form 11 cocrystal, produced by 

spray drying and by the solvent evaporation method in water at 37 °C. Open diamonds and 

triangles symbolise SD and 4-ASA o f the spray-dried prodvict, closed diamonds and triangles 

represent SD and 4-ASA o f the crystallised product fonn solvent evaporation.
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Figure A.2.10: PXRD analysis o f the solid phase during dynamic solubility studies in water at 

37 °C o f the SD:4-ASA 1;1 form 11 cocrystal produced by solvent evaporation: a) at 5 minutes, 

b) at 10 minutes, c) at 60 minutes compared to d) SD:4-ASA 1:1 form 11 cocrystal before 

subjected to solubility test and e) SD:4-ASA fonn 1 cocrystal (reference material).
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Table A.2.1: Compression pressure and time applied to prepare compacts tor intrinsic 

dissolution studies.

Sample Compaction pressure and time

4-ASA 8 tonnes, 1.5 minutes

SD 8 tonnes, 1.5 minutes

SD :4-ASA 1:1 physical m ixture 8 tonnes, 1 minute

SD :4-ASA 1:1 form 1 cocrystal 8 tonnes, 1 minute

SD :4-ASA 1:1 form  11 cocrystal 8 tonnes, 20 seconds

O)o
cTO
o
(/>

<

wavenum ber (cm ')

—
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Figure A.2.11: IR spectra o f compact surface before and after intrinsic dissolution (ID) studies: 

a) SD:4-ASA 1:1 form 1 cocrystal after ID, b) SD:4-ASA 1:1 form 1 cocrystal before ID, c) 4- 

ASA after ID, d) 4-ASA before ID, e) SD after ID and 0 SD before ID.
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Figure A.2.12: PXRD analysis o f compact surface before and after intrinsic dissolution (ID) 

studies: a) SD:4-ASA 1:1 form I cocrystal after ID, b) SD;4-ASA 1:1 form I cocrystal before 

ID, c) 4-ASA after ID, d) 4-ASA before ID, e) SD after ID and f) SD before ID.
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Figure A.2.13: IR spectra o f SD:4-ASA 1:1 form I cocrystal, a) Before the study and analysed 

at different time points during long-term stability test: b) I month c) 2 months d) 6 months e) 12 

months.
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F igure A .2.14: IR spectra o rS I):4 -A S A  l ; l  form II cocrystal, a) Before the study and analysed 

at different time points during long-term stability test: b) I month c) 2 months d) 6 months e) 12 

months.
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Figure A.2.15: 'H -N M R  spectra o f the SD;4-ASA 1:1 cocrystai. a) form I (produced by liqu id- 

assisted m illing), b) form I! (produced by spray drying).
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Table A.2.2: A summary o f'H -N M R  results o ftiie  SD:4-ASA I :! form I (produced by liquid- 

assisted milling) and form II cocrystal (produced by spray drying).

Cocrystal 'H  assignment v(F l)
|ppm| Intensity jabsj Split Integral |rel|

form 1 Ha,b(SD) 7.64 4320609.92 d 2.08

H, (4-ASA) 7.42 2072181.14 d 1.00

form II H ,h (S D ) 7.64 12579849.55 d 2.23

H, (4-ASA) 7.43 5637360.36 d 1.00

ooo
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10 15 20 25 30 35 405

Diffraction angle (20)

Figure A.2.16: PXRD patterns o f the SD:4-ASA 1:1 form II cocrystal, a) crystallised from 

EtOH by solvent evaporation, b) crystallised from Me^CO by solvent evaporation and c) spray- 

dried.
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exo
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Figure A.2.17: DSC thermograms o f the SD;4-ASA 1:1 form II cocrystal, a) crystallised from 

EtOH by solvent evaporation, b) crystallised from MeiCO by solvent evaporation and c) spray- 

dried.
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Table A.2.3: Data from structure determination o f  tiie SD:4-ASA l;l form II cocrystal 

calculated on basis o f  PXRD - final coordinates and equivalent isotropic displacement 

parameters o f  the non-hydrogen atoms.

Atom X y z U(cq)A^

S27 0.2693(18) 0.558(4) 0.055(4) 0.0127
02 1 8 0.314(4) 0.648(9) -0.004(8) 0.0127
02 1 9 0.215(3) 0.638(8) 0.064(7) 0.0127
N28 0.287(5) 0.526(11) 0.193(9) 0.0127
N 2I0 0.375(6) 0.402(13) 0.174(1 1) 0.0127
N214 0.348(4) 0.559(13) 0.348(10) 0.0127
N215 0.238(4) -0.092( 1 1) -0.190(8) 0.0127
C21 0.225(6) 0.237(16) 0.032(1 1) 0.0127
C22 0.262(6) 0.359( 14) -0.014(13) 0.0127
C23 0.289(7) 0.327(16) -0.120(10) 0.0127
C24 0.286(7) 0.170(17) -0.173(12) 0.0127
C25 0.246(6) 0.049(16) -0.132(10) 0.0127
C26 0.218(5) 0.084(15) -0.025(9) 0.0127
C29 0.340(7) 0.494( 16) 0.240( 1 1) 0.0127
C2I 1 0.426(7) 0.369(13) 0.225(12) 0.0127
C212 0.438(6) 0.428(16) 0.336(12) 0.0127
C213 0.399(8) 0.525(16) 0.397(9) 0.0127
C216 0.410(5) 0.598(13) 0.518(9) 0.0127
C217 0.466(6) 0.264(13) 0.154( 1 1) 0.0127
0 8 -0.002(4) 0.287(9) 0.312(8) 0.0109
OlO -0.010(4) 0.589(9) 0.287(7) 0.0109
01 1 0.021(4) 0.801(9) 0.400(7) 0 .0 109
N7 0.092(4) 0.070(1 1) 0.656(7) 0.0109
Cl 0.034(6) 0.496(19) 0.446(14) 0.0109
C2 0.025(5) 0.319(16) 0.410(1 1) 0.0109
C3 0.044(5) 0.185(15) 0.479(14) 0.0109
C4 0.073(5) 0.208(15) 0.587(13) 0.0109
C5 0.083(6) 0.378(16) 0.624(10) 0.0109
C6 0.064(5) 0.514(15) 0.555(12) 0.0109
C9 0.015(6) 0.63(2) 0.376(10) 0.0109

U(eq) =  1/3 o f  the trace o f  the o r thogonalized  U tensor
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Table A.2.4: Data from structure determination o f the SD:4-ASA 1:1 form II cocrystal 

calculated on basis o f PXRD - hydrogen atom positions and isotropic displacement parameters.

Atom X y z U ( e q ) A

*H1 1 0.0164 0.85703 0.33904 0.019

*H21 0.20497 0.26187 0.10319 0.05

*H212 0.47232 0.403 1 1 0.37072 0.0152

*H 21A 0.50013 0.2496 0.1991 1 0.019

*H21B 0.47447 0.32178 0.081 11 0.019

*H21C 0.44992 0.15445 0.13781 0.019

*H21D 0.40788 0.72028 0.51445 0.019

*H21E 0.38291 0.55486 0.57298 0.019

*H21F 0.4471 1 0.56426 0.54263 0.019

*H21G 0.2553 -0.1 1057 -0.25558 0.0152

*H21H 0.2139 -0.16578 -0.1641 0.0152

*H23 0.31007 0.41383 -0.15609 0.0152

*H24 0.30499 0.14768 -0.2405 1 0.05

*H26 0.19414 0.002 0.00663 0.0152

*H28 0.25948 0.529 0.2433 0.0152

*H3 0.03525 0.06975 0.44791 0.05

*H5 0.10382 0.39669 0.69802 0.05

*H6 0.07195 0.62581 0.57958 0.05

*H 7A 0.1 1493 0.0093 1 0.61461 0.0152

*H7B 0.10886 0.10822 0.71793 0.0152

*H8 -0.00932 0.37677 0.27791 0.0164

The temperature factor has the form o f Exp(-T) where T = 8*(P i‘ )*U*(Sin(Theta)/Lambda)‘  

for isotropic atoms.
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Table A.2.5: Data from structure determination o f  the SD;4-ASA 1:1 form II cocrystal 

calculated on basis o f  PXRD - bond distances (Angstrom).

Atom Atom Distance (A) Atom Atom Distance (A)

C2I C26 1.37(17) C216 H21D 0.96
C21 C22 1.40(18) C2I6 H21E 0.96
C22 C23 1.38(19) C2I7 H2IA 0.96
C23 C24 1.37(18) C217 H2IB 0.96
C24 C25 1.4(2) C2I7 H2IC 0.96
N210 C2I 1 1.4(2) C2I 1 C2I7 1.49(19)
N2I0 C29 1.33(19) C211 C2I2 1.36(19)
N2I4 C213 1.4(2) C212 C213 1.4(2)
N214 C29 1.33(17) C2I3 C2I6 1.50(15)
N215 C25 1.30(15) C3 H3 0.99
N2I5 H21H 0.86 C212 H2I2 0.93
N2I5 H2IG 0.86 C216 H2IF 0.96
N28 C29 1.4(2) C3 C4 1.4(2)
N28 H28 0.87 C4 C5 1.41(17)
N7 C4 1.40(15) C5 C6 1.39(17)
N7 H7B 0.86 C5 H5 0.98
N7 H7A 0.86 C6 H6 0.94
OlO C9 1.21(15) Cl C9 1.4(2)
()l 1 C9 1.37(17) Cl C2 1.5(2)
( ) 1 1 HI 1 0.82 C2 C3 1.38(18)
0 8 C2 1.30(15) C26 H26 0.93
0 8 H8 0.82 Cl C6 1.4(2)
S27 0218 1.44(10) C25 C26 1.40(16)
S27 0219 1.44(8) C2I H2I 0.95
S27 N28 1.63(1 1) C23 H23 0.94
S27 C22 1.75(12) C24 H24 0.9

232



Appendices

Table  A.2.6: Data from structure determination of  tiie SD:4-ASA 1:1 form II cocrystal 

calculated on basis o f  PXRD - bond angles (degrees).

Atom Atom Atom Angle (") Atom Atom Atom A ngle (")

Cl C6 H6 1 17 C 2 1 1 C2I7 H21B 1 10
C2 0 8 H8 1 10 C24 C23 H23 1 19
C2 C3 H3 115 H2ID C216 H2IF 109

C2I C22 C23 119(12) C4 C5 C6 120(12)

C 2 1 1 C2I2 C2I3 120(14) C213 C216 H2ID 109

C2I2 C 2 1 1 C2I7 123(14) C213 C2I6 H2IF 109

C212 C2I3 C 2 16 123(14) C213 C216 H2IE 1 10
C213 C2I2 H212 120 C 2 1 1 C217 H2IA 109
C22 C2I C26 120(12) N7 C4 C3 123(11)
C22 C23 C24 121(13) Cl C6 C5 125(12)
C23 C24 C25 119(13) OlO C9 Cl 116(13)
C24 C25 C26 1 18( 1 1) OlO C9 OI 1 I 18(12)

C25 N215 H21G 121 Cl C2 C3 121(12)
C25 N215 H21H 120 C2 C3 C4 123(11)
C29 N28 H28 1 16 C21 C26 H26 120
C29 N2I0 C2I 1 115(12) C25 C26 H26 1 19
C29 N2I4 C2I3 115(11) C2 Cl C6 114(12)
C4 N7 H7B 109 C6 Cl C9 125(13)
C4 N7 II7A 109 0 8 C2 C3 120( 1 1)
C4 C3 113 122 C 2 1 1 C217 H21C 1 10
C4 C5 H5 118 H21A C217 M2 IB 109

C5 C6 H6 1 19 H2IA C217 H21C 109
C6 C5 H5 122 H2IB C2I7 H21C 1 10
C9 01 1 HI 1 1 10 C22 C23 H23 120
H2IG N2I5 H21FI 120 0 8 C2 Cl 119(11)

H7A N7 H7B 1 10 C2 Cl C9 121(13)
N210 C21 1 C2I7 117(12) C2I 1 C2I2 H2I2 120
N214 C213 C216 1 17(12) H21E C2I6 H2IF 1 10
N214 C213 C2I2 120(1 1) H21D C2I6 H21E 1 10
N215 C25 C26 122(12) 011 C9 Cl 126(11)
N215 C25 C24 120(1 1) N210 C2I 1 C212 121(13)

N28 S27 C22 108(6) C26 C2I H21 121
0218 S27 0 2 1 9 119(5) C21 C26 C25 121(11)
0218 S27 N28 109(6) N2I0 C29 N214 129(14)

0218 S27 C22 108(6) N28 C29 N2I4 114(12)
0219 S27 N28 103(6) N28 C29 N2I0 117(12)
0219 S27 C22 109(6) C22 C2I H21 1 19
S27 N28 C29 129(9) C25 C24 H24 1 19

S27 N28 H28 115 C23 C24 H24 121
S27 C22 C21 120(1 1) C3 C4 C5 1 17( 1 1)

S27 C22 C23 120(10) N7 C4 C5 120( 1 1)
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Table A.2.7: Data from structure determination o f  the SD:4- ASA  !;! form II cocrystal  

calculated on basis o f  PXRD - torsion angles (degrees).

Atom Atom Atom Atom Angle ('■)

C2 Cl C9 OlO 2(19)

C2 Cl C9 0 1  1 -180(13)
C2 C3 C4 C5 -1(19)
C2 C3 C4 N7 180(12)
C 2 1 1 N210 C29 N28 -178(10)
C2I  1 C212 C 2 I3 C 2 I 6 -178(12)
C21 1 C212 C213 N 2 I 4 2(19)

C213 N214 C29 N28 178(11)
C 2 I 7 C2I 1 C 2 I 2 C 2 I 3 180(12)
C22 S27 N28 C29 83(11)
C23 C24 C25 N 2 I 5 172(13)
C24 C25 C26 C21 6(19)

C26 C2I C22 S27 178(10)
C29 N210 C21 1 C212 0(18)
C29 N 2 I 0 C2I  1 C 2 I 7 179(11)
C29 N 2 I 4 C2 I3 C 2 I 2 -1(17)
C29 N 2 I 4 C213 C216 179( 1 1)
C3 C4 C5 C6 1(18)
C6 Cl C2 0 8 180( 11)
C6 Cl C2 C3 1(19)
C6 Cl C9 OlO -180(13)
C9 Cl C2 C3 180(13)
C9 Cl C6 C5 -180(14)
C9 Cl C2 0 8 -1(19)
N 2 I 0 C2I  1 C 2 I 2 C 2 I 3 -1(19)
N 2 I 5 C25 C26 C2I -177(12)
N28 S27 C22 C21 56(13)
N28 S27 C22 C23 -129(12)
N7 C4 C5 C6 -180(12)
0 2 1 8 S27 N28 C29 -34( 1 1)
0 2 1 8 S27 C22 C2I 174( 1 1)

0 2 1 8 S27 C22 C23 -12(14)
0 2 1 9 S27 N28 C29 -162(10)
0 2 1 9 S27 C22 C21 -56(13)
0 2 1 9 S27 C22 C23 119(12)
0 8 C2 C3 C4 -179(12)
S27 N28 C29 N210 -35(16)
S27 N28 C29 N 2 I 4 147(10)
S27 C22 C23 C24 177(12)
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A p p e n d ix  3

Table  A.3.1: Spray drying conditions (Concentration o f  feed solution: Cone. % (w/v), inlet 

temperature:IT, outlet temperature :0T).

Sample Solvent Cone. %  (w/v) IT (°C) O T  (°C)

SI);BA 1:1 litOI 1 1 78 55

McOll 1 70 49

Me.CO 2 70 54

MeCN 0.5 82 60

SD:SA 1:1 l-tOli 2 78 53

MeOH 2 70 47

Me:C() T 70 52

McCN 1 82 57

SI):4-ASA 1:1 KtOIi 1 78 57

Me.CO 2 70 53

SD:NA 1:1 E t o n 1 78 55

McOil T 70 43

SD:PCA 1:1 HtOII 1 78 55

MeOil 2 70 49
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exo

o

25 22550 75 100 125 150 175 200 250

Temperature (°C)

Figure A.3.1: DSC thermograms o f a) BA, b) SA, c) NA, d) PCA and e) PA.

O )

25 50 100 125 150 175 200 22575 250

Temperature (°C)

Figure A.3.2: TGA thermograms o f a) BA, b) SA, c) NA, d) PCA and e) PA.

236



Appendices

Table A.3.2: Determined exothermic (Tex„)and endothermic melting (T„,) temperatures and the corresponding enthalpies shown in brackets o f  SD:aroniatic 

carboxyiic acids produced by spray drying (SPD), liquid-assisted milling (I.AM), solvent evaporation (SEV) and cooling crystallisation (CCR) using different

solvents. Presented values refer to an average o f  2 results, if  not otherwise specified.

P roduct M olar  ratio M ethod Solvent Exotherm E ndo the rm  1 E n d o th erm  2

SD:EiA 1 1 SPD E t o n - 186.38 ± 4.64 (99.45 ± 10.44)* 189.66 ± 1.25 (170.97 ± 5.98)
1 1 MeOH - 185.9 ± 1.30 (7.50 * 1.59) 208.59 ± 4.82(174.17 ± 17.35)
1 1 MeCN - 184.56 ± 1.89(181.51 ± 10.91)* 188.51 ± 0.46(1 13.86 ± 11.93)
1 1 Me:CO - 184.1 ± 5.64 (109.53 ± 1 1.50)* 166.04 ± 0.68 (173.34 ± 22.64)

1:1.3 Me;CO - 218.39 ± 2.23 (157.20 ±0 .98) -
SD:IM 1 1 LAM E to n - 212.02 ± 5.48 (206.56 ± 4 .85) —

1 1 McOH - 216.94 ± 1.23 (205.06 ± 4.81) (n=3) —
1 1 MeCN - 212.56 ± 0.14 (301.68 ± 18.80) -
1 1 Me,CO - 208.00 ± 0.36 (284.00 ± 20.53) -

SD:BA 1 1 SEV E to n - 118.55 (12.92) ± n.a 212.69 (225.56) ± n.a.
1 1 MeOH - 120.76 ± 1.26 (6.18 ± 0.75) 213.32 ± 10.55 (209.65 ± 18.05)
1 1 MeCN - 189.76 (23.24) ± n.a 204.99 (276.13) ± n.a.
1 1 Me^CO - 186.79 ±0 .13  (7 .04±  1.01) 210.23 ± 1 1.85 (157.24 ± 14.62)

SD:BA 1 1 CTR E to n - 190.46 ± 1.35(42.05 ±6.45)* 2 07 .04±  13.88 (112.28 ± 12.65)
1 1 MeOH - 191.91 ± 0.13 (57.99 ±5.21)* 208.15 ± 5.21 (79.15 ± 10.85)
1 1 MeCN - 191.58 ± 0 .7 9  (0.9 ± 0 .01) 219.13 ± 1.43 (182.25 ±3 .46 )
1 1 Me.CO - 190.08 ± 1.52 (0.40 ± 0 .03) 219.48 ± 1.55 (170.60 ± 12.30)

SD:SA 1 1 SPD EtOH - 179.62 ± 0.03 (4.02 ± 0.1 1 )* 193.92 ± 5.72 (119.40 ± 1.69)
1 1 MeOH - 183.24(19.02) ± n.a * 191.82 (97 .19)±  n.a
1 1 MeCN - I81 .50±  0 .19 (47 .9 7 ± 4 .1 5 )* 187.47 ± 0 .0 4  (121.62 ±5 .69)

1:1.2 MeCN - 197.01 ± 1.87 (139.78 ±7.47) —
1 1 Me:CO - 181.40 ± 0.48 (12.84 ± 1.39)* 196.69 ± 0.29 (105.30 ±5 .79 )

SD:SA 1 1 LAM EtOH - 196.84 ± 1.81 (137.45 ± 5.16) —
1 1 MeOH - 196.23 (144.21 ) ±  n.a —
1 1 MeCN - 196.92 ± 1.85 (144.68 ± 9 .5 8 )  (n=3) —
1 1 Me.CO - 196.64± 1.97 (142,1 2 ± 2 . 72) -
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T a b l e  A .3 .2 :  con t in u ed

Product M olar ratio Method Solvent Exotherm Endotherni 1 Endotherm  2

SD:SA 1 1 SEV Eton - 149.35 ± 3.27 (8.67 ± L75) 195.3 ± 4.00 (127.20 ± 12.45)
1 1 M eOH - 153.00 ± L42 (58.13 ± 5.96) 185.77 ± 6.97 ± 104.41 ± 10.79)
1 1 MeCN - 1 4 9 .3 0 ± 3 .7 4 ( 1 2 . 1 0 ± 5 .3 6 ) 193 .1 2 ±  1.56 (112.22 ± 11.20)
1 1 M e:C () - 141.66 ± 7.46 (6.61 ± 1.64) 195.47 ± 0 .1 6  (128.28 ± 7 .0 4 )

SD:SA 1 1 CCR Eton - 185.51 ± 4 .6 5  (40.02 ± 5 .1 3 )* 190.62 ± 1.03 (125.31 ± 4 .1 1 )
1 1 M eOH - 184.00 ± 0 .2 7  (42.95 ± 6 .1 5 )* 194.14 ± 3 .0 6  (130.89 ± 14.28)
1 1 M eCN - 184.62 ± 0.38 (1.30 ± 0 .1 4 ) 198.61 ± 0.27 (142.61 ± 8 .0 7 )
1 1 M e.C O - 183.95 ± 0.52 (0.99 ± 0 .0 1 ) 198.62 ± 1.01 (146.48 ± 4 .4 9 )

SD:4-ASA 1 1 SPD Eton - 170.22 ±  1.011 (200.06 ± 0 .7 8 ) -
1 ! M e .C O - 167.34 ± 3 .1 3  (201.31 ± 7.79) -

SD:4-ASA 1 1 LAM Eton - 169.99 ± 0 .8 4  (225.19 ± 20.90) -
1 I M e .C O - 166.74 ± 1.01 (207.36 ± 2 .9 1 ) -

SD:4-ASA 1 1 SEV Eton - 145.95 (2 1 4 .1 4 )±  n.a -

1 1 M e.C O - 157.94 (226.55) ± n.a -
SD:4-ASA 1 1 CC R Eton - 171 .29±  1.88 (170.30 ± 8 .9 7 ) —

1 1 M e:C O - 159.96 ± 0 .6 9  (235.06 ± 17.62) -
SD:NA 1 1 SPD Eton - 204.29 ± 1.91 (150.94 ± 18.49) -

1 1 M e O n - 204.70 ± 1.17 (150.99 ± 0 .7 6 ) —

SD:NA 1 1 LAM Eton - 204.72 ± 1.58 (156.01 ± 5 .4 5 ) -

1 1 M e O n - 205.18 ± 0.71 (167.54 ±  6.13) (n=3) -

SD;NA 1 1 SEV Eton - 206.77 ± 0 .8 8  (166.71 ± 5 .5 2 ) —

1 1 M e O n - 205.42 ± 1.38 (161.53 ±  7.33) (n=3) -

SD:NA 1 1 CC R Eton - 189.24 ± 1.27 (3.23 ± 0 .1 2 ) 205.56 ± 2 . 0 0  (147.72 ± 5 .6 2 )
M eOH - 190.26 ± 0.26 (2.75 ± 0 .2 1 ) 206.55 ± 0 . 5 6  (161.77 ± 3 .6 3 )
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T a b le  A .3 .2:  continued

I’roduct M olai ratio Method Solvent Exotherm E ndotherm  1 E ndotherm  2

SD:PCA 1 1 SPD EtOH 87.51 ± 2 .6 3  (16.47 ± 12.89**) 173.27 ± 0 .6 9 ( 1 5 0 .7 3  ±  1.64) -
1 1 MeOM - 173.25 (1 4 8 .2 1 )±  n.a. —

SD:PCA I 1 LAM E t o n - 172.90 ± 1.54 (161.00 ±  1.83) —
1 1 MeOH - 173.68 (159.92) ± n.a. -

SD:PCA 1 1 SEV EtOH - 175.04 ± 0 . 4 4  (91.26 ± 5.35) —
1 1 MeOH - 174.01 ± 1.13 (148.28 ± 1.85) —

Sl):PCA 1 1 CCR EtOH - 174.78 ± 1.86 (143.50 ± 4 .8 0 ) -
1 1 MeOH - 175.93 ± 1.46 (152.63 ± 7 .4 0 ) —

SD:PCA 1 1 PM - 175.31 ± 0.99 (158.87 ±  18.77) -
SD;PA 1 1 LAM EtOH - 121.1 9 ±  1.18 (65.38 ± 0 .9 1 ) -

1 1 MeOH - 122.22 ± 0.07 (71.21 ± 3.01) -

1 1 MeCN - 122.56 ± 0 .0 1  (64.78 ± 5 .7 4 ) -
1 1 Me;CO - 121.92 ± 0.08 (69.23 ± 0.36) -

SD:PA 1 1 PM - - 125.15 ± 1.96 (93.76 ± 4 .9 1 ) -

n.a.: not available
*  endotherni I and endothenn 2 are merged
* *  error high, attributed to storage time o j 2 months between  / ' '  and 2'"  ̂analysis
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F igure A.3.3: PXRD patterns o f S D :liA  1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using EtOH as solvent compared to e) BA, 0  SD and g) the theoretical PXRD 

pattern o fS D :B A  1:1 cocrystal obtained from solution, calculated on the basis o f single crystal 

data (Arman et al., 2010).
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F igure A.3.4: DSC thermograms o f SD:BA 1:1 products obtained by a) SPD, b) LA M  , c) 

SEV and d) CCR using EtOH as solvent compared to e) BA and t") SD.
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L
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Diffraction angle (20)

Figure A.3.5: PXRD patterns o f SD:BA 1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using MeOH as solvent compared to e) BA, f) SD and g) the theoretical PXRD 

pattern o fS D :B A  1:1 cocrystal obtained from solution, calculated on the basis o f single crystal 

data (Arman et al., 2010).
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Figure A.3.6: DSC thermograms o f  SD:BA 1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using MeOH as solvent compared to e) BA and t) SD.
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Figure A.3.7: PXRD patterns o t'S D :B A  1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using MeCN as solvent compared to e) BA, t l  SD and g) the theoretical PXRD 

pattern o fS D :B A  1:1 cocrystal obtained from solution, calculated on the basis o f  single crystal 

data (Arman et al., 2010).
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Figure A.3.8: DSC thermograms o f  SD:BA 1:1 products obtained by a) SPD, b) L A M  , c) SEV 

and d) CCR using MeCN as solvent compared to e) BA  and t) SD.

242



Appendices

ooo
CNJI

u.
CD

C
<P

20 25 30

Diffraction angle (26)

35

b)

c)

d)

_J1 A—

^ / v \  . a ^ > . a a  . i »a. h)
40

Figure A.3.9: PXRD patterns o f a) SD:FiA 1:1.3 SPD product and SD:BA 1:1 products 

obtained by b) SPD, c) LA M  , d) SEV and e) C’CR using M e:CO as solvent compared to f) BA. 

g) SD and h) the theoretical PXRD pattern o f  SD:BA 1:1 cocrystal obtained from solution, 

calculated on the basis o f single crystal data (Arman et al., 2010).
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Figure A .3 .10: DSC thermograms o f  a) SD :BA 1:1.3 SPD and SD:BA 1:1 obtained by b) SPD, 

c) LA M  , d) SEV and e) CCR using Me:CO as solvent compared to f) BA and g) SD.
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Diffraction angle (29)

F ig u re  A .3 .1 1: PX RD  patterns o f  SD ;SA  1:1 products obtained by a) SPL), b) LAM , c) SEV 

and d) C CR using EtOH as solvent com pared to e) SA, 0  SD and g) the theoretical PXRD 

pattern o f  SD:SA 1:1 cocrystal obtained from solution, calculated on the basis o f  single crystal 

data (Patel et al., 1988).
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F ig u re  A .3 .12: DSC therm ogram s o f  SD :SA  1:1 products obtained by a) SPD, b) LAM , c)

SEV  and d) C C R  using EtOH as solvent com pared to e) SA and 0  SD.
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Figure A.3.13: PXF^I) patterns o f SD:SA 1:1 products obtained by a) SPD, b) l.AM  , c) SEV 

and d) CCR using MeOH as solvent compared to e) SA, 0 SD and g) the theoretical PXRD 

pattern o f SD:SA 1:1 cocrystal obtained from solution, calculated on the basis o f single crystal 

data (Patel et al., 1988).
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Figure A.3.14; DSC thermograms o f SD:SA 1:1 products obtained by a) SPD, b) LAM  , c) 

SEV and d) CCR using MeOH as solvent compared to e) SA and f) SD.
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oo

Diffraction angle (29)

F ig u re  A.3.15: PX RD  patterns o f  a) SD:SA 1:1.2 SPD product and SD :SA  1:1 products 

obtained by b) SPD, c) LAM , d) SEV and e) C CR using M eCN as solvent com pared to t) SA, 

g) SD and h) tlie theoretical PXRD pattern o f  SD :SA  1:1 cocrystal ob tained from solution, 

calculated on the basis o f  single crystal data (Patel et al., 1988).
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F ig u re  A.3.16: DSC thermograms o f  a) SD:SA 1:1.2 SPD  product and SD :SA  1:1 products 

obtained by b) SPD, c) LAM , d) SEV and e) C CR using M eCN as solvent com pared  to 0  SA 

and g) SD.
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20 25 30
Diffraction angle (20)

Figure A.3.17: PXRD patterns o f SD:SA 1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using M e;C() as solvent compared to e) SA, f) SD and g) the theoretical PXRD 

pattern o f SD:SA 1:1 cocrystal obtained from solution, calculated on the basis o f single crystal 

data (Patel et a l„  1988).
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Figure A.3.18; DSC thermograms o f SD;SA 1:1 products obtained by a) SPD, b) LA M  , c) 

SEV and d) CCR using Me:CO as solvent compared to e) SA and f) SD.
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Figure A.3.19: PXRD patterns o f SD:4-ASA 1:1 products obtained by a) SPD, b) LAM , c) 

SEV and d) CCR using EtOH as solvent compared to e) 4-ASA. t) SD and g) the theoretical 

PXRD pattern o f SD:4-ASA 1:1 cocrystal obtained from solution, calculated on the basis o f 

single crystal data (Caira, 1992).

exo

o
CM

225200125 150 17510075

Temperature (°C)

Figure A.3.20: DSC thermograms o f SD;4-ASA 1:1 products obtained by a) SPD, b) LAM  , c)

SEV and d) CCR using EtOH as solvent compared to e) 4-ASA and t) SD.
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Figure A.3.21: PXR I) patterns o f SD:4-ASA 1:1 products obtained by a) SPD, b) LA M  , c) 

SEV and d) CCR using M ciCO as solvent compared to e) 4-ASA, f) SD and g) the theoretical 

PXRI) pattern o f SD:4-ASA 1:1 cocrystal obtained from solution, calculated on the basis o f 

single crystal data (Caira, 1992).

exo

o
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150 175 200100 125

Temperature (°C)

225

Figure A.3.22: DSC thermograms o f  SD:4-ASA 1:1 products obtained by a) SPD, b) LA M  , c)

SEV and d) CCR using Me:CO as solvent compared to e) 4-ASA and 0 SD.
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Diffraction angle (29)

Figure A.3.23: PXRD patterns o f SD;NA 1:1 products obtained by a) SPD, b) LA M  , c) SEV 

and d) CCR using EtOH as solvent compared to e) N A , t") SD and g) the calculated PXRD 

pattern based on single crystal data o f  the SD:NA 1:1 cocrystal.

exo

o

250100 125 150 200 225175

Temperature (°C)

Figure A.3.24: DSC thermograms o f SD:NA 1:1 products obtained by a) SPD, b) LA M  , c) 

SEV and d) CCR using EtOH as solvent compared to e) N A  and 0  SD.
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Diffraction a n g le  (29)

Figure A.3.25; PXRD patterns o f  SD;NA 1:1 products ob tained by a) SPD, b) LAM , c) SEV 

and d) CCR using MeOH as solvent com pared to e) NA, t) SD and g) the calculated PXRD 

pattern based on single crystal data o f  the SD :N A  I : I cocrystal.

exo

o

200125 150

T em pera tu re  (°C)

175 225 25075 100

Figure A.3.26: DSC thermograms o f  SD :N A  1:1 products obtained by a) SPD, b) LAM , c)

SEV and d) CCR using M eOH as solvent com pared  to e) NA and f) SD.
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Diffraction angle (20)

Figure A.3.27: PXRD patterns o f SD:PCA 1:1 products obtained by a) SPD, b) LAM  , c) SEV 

and d) CCR using EtOH as solvent compared to e) SD:PCA 1:1 physical mixture, 0 PCA and 

g)SD.
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CO
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X

225 250150 175 200100 12550 75
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Figure A.3.28: DSC thermograms o f SD:PCA 1:1 products obtained by a) SPD, b) LAM  , c) 

SEV and d) CCR using EtOH as solvent compared to e) SD:PCA 1:1 physical mixture, t) PCA 

and g) SD.
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F igure A.3.29: PXRD patterns o f SD:PCA I ;1 products obtained by a) SPD. b) LA M  , c) SEV 

and d) CCR using iVleOFI as solvent compared to e) SD:PCA l ; l  physical mixture, t) PCA and 

g) SD.

exo

o

225 250175 20015050 100 12575

Temperature (°C)

Figure A.3.30: DSC thennograms ot'SD ;PCA 1:1 products obtained by a) SPD, b) LA M  , c) 

SEV and d) CCR using MeOH as solvent compared to e) SD:PCA 1:1 physical mixture, f) PCA 

and g) SD.
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Appendix 4

Table A .4.1: pH changes during equilibrium solubility study o f  the SD.BA 1; I , SD;SA 1:1 and 

SD:NA 1:1 cocrystal (CC) in water at 37 °C.

T im e(h) SD:BA CC SD:SA CC S I):N A C C

12 3.61 ± 0.02 3.18 ±0.01 3.61 ±0.01

24 3.60 ± 0 .0 1 3.19 ±0.02 3.59 ± 0 .0 1

48 3.62 ± 0.06 3.20 ±0.00 3.60 ± 0.00

72 3.60 ±0.03 3.24 ±0.01 3.60 ±0.01

2,0x10

1 8x10

1 6x10

5,0x10

4 0x10

3 0x10c=

2 0x10

1 0x10

20 30 40

Time (h)

50 60 70 80

Figure A .4.1: Equilibrium solubility determination o f BA (triangles), SA (diamonds) and NA 

(circles) in water at 37 °C.

Table A.4.2: pH changes during equilibrium solubility study o f BA, SA and NA in water at 37 

°C.

Time (h) BA SA NA

12 3.07 ±0.01 2.85 ± 0.05 3.48 ±0.01

24 3.10 ±0.02 2.82 ±0.01 3.47 ±0.01

48 3.07 ± 0.03 2.80 ±0.01 3.47 ±0.00

72 3.08 ±0.01 2.79 ±0.03 3.48 ±0.01
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The derivations of equations 5.1 and 5.2 described in Chapter 5.

This model  w as  der ived based on the equi l ibri inn react ions  for a 1:1 cocrys tal  with 

am photer ic  drug and m ono pro t i c  acidic co fb rm er  ( l i e t hune et al., 2009).  For  the S D ;BA  

I : I cocrys tal  the fol lowing equa t ions  can be established:

SD: BAsoiid ^  SDjoin +  BAsoi„ (A.4.1)

Ksp =  [SD][BA] (A.4.2)

For  S D  the equi l ibr ium react ions  and the th e reo f  der ived  mass  constants  can be 

described by:

SDH+ SD +  H+ (A.4.3)

K a t S D  =  ^  (A.4.4)

SD ^  SD“ +  H+ (A.4.5)

™  (A.4.6)

For BA the equi l ibrium react ions  and the th e reo f  der ived  mass  constants  can be 

descr ibed by:

BA BA“ +  H+ (A.4.7)

Ka,BA =  (A.4.8)

Th e total SD and BA concentra t ions  (SD,  and BAt) are then ca lculated by the sum o f

the ionized and nonionised species  as descr ibed below:

[SD]t =  [SDH + ] +  [SD] +  [SD-] (A.4.9)

[BA]t =  [BA] +  [BA-] (A.4 .10)
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The equilibrium constants (Ksp and K;,) can be used to substitute equations A .4.9 and 

A.4.10:

^al SD

[BA], = [BA| ( l  + ^ )  (A4.I2)

[BA] = T - r r a  (A.4.13)
[H + | i

Substituting equation A .4.13 into equation A .4 .11:

[SD]t =  f l  +  +  (A.4.14)
 ̂ |B A |, V IH + 1 7 V Kai,SD IH + I /

For a 1:1 cocrystal considering stoichiometric conditions, Sco^siai “  = [BA], and

thus equation A.4.14 can be rewritten as:

S e o c r v s . a ,  =  / k , p ( i +  ^ ) ( h -  J £  +  ! ^ |  ( A . 4 . 1 5 )

At the transition (tr) point equation A.4.14 can be rewritten as: 

Hence, the solubility product (Ksp) can be determined by:

Ksp =  7— K— k 7 (A.4.17)* P  , '<a,BA\  , |H +  | , Ka2,SP\

|H + | j l ^  +  K 3 i , s D ^  |H + | )

256



Appendices

T h e  der iva tion s  o f  equations 5.3 and 5.4 descr ibed  in C h a p ter  5.

This  m odel w as  derived based on the eq iiihbrium  reac tions  for a 1:1 cocrystal with 

am pho ter ic  d rug  and d ipro tic  ac id ic  co fo rm er (R eddy  et al., 2009). For the SD :SA  1:1 

cocrystal the fo llow ing  equa tions  can be established:

S D i S A s o l i d  ^  SDjoin +  SAsoin (A .4 .18)

K , p =  [SD][SA] (A .4 .19)

For SD  the equilib rium  reactions and the th e re o f  de r ived  m ass constan ts  can be 

described  as show n by  the equa tions  A .4.3 to A .4.6.

For SA the equilib rium  reactions and the th e re o f  derived  m ass constan ts  can be 

described  by:

SA SA " +  H +

ISA-I IH + I
K a l S A  — [SA]

S A '  S A ^ '  +  H

^  [SA^-] |H^
a2,SA

(A .4 .20)

(A .4 .21)

(A .4 .22)

(A .4 .23)

The total SD and SA concen tra tions  (SD, and SAt) are then ca lculated  by the sum  o f  the 

ionized and nonionised  spec ies as described  below:

[SD]t =  [SD H + ] +  [SD] +  [S D - ]  (A .4 .24)

[SA]t =  [SA] +  [S A -] +  [SA ^-] (A .4 .25)

T he equilib rium  constan ts  (Ksp and  K;,) can be used to substitu te  equa tions  A .4 .24  and 

A.4.25:

'SDl. = ^ ( l + i S  + lir ) ' ^ - ^ 2 6 ,

[SA]t =  [SA] ( l  +  ^  +  (A .4 .27)

[SA] =  7-------------------------------^ (A .4 .28)
1 4 - “̂ a lS A  *^al.SA*<a2.SA
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Substi tu ting  equa tion  A .4 .28 into equation  A .4 .26 gives:

[SD ]t - 'sp
ISAI,

1 + K.i + ^ a l.S A ^ aa .S A 1 + +
al,SD

For a 1:1 cocrystal cons ider ing  s to ich iom etric  cond itions , Scociystai =  [SD]t 

thus equa tion  A .4 .29  can be rew ritten  as:

'cocrysta l K sp 1 + Kal.SA I I^al,SAl^a2,SA+ 1 +
K;|1,SD

KaZ.SP
[h1

At the transition  (tr) point equation  A .4 .30  can be rew ritten  as:

' s p

ISA It,.
1 + al.SA + 'a l,S A ''a2 ,S A 1 + + KaZ.SD

(A .4 .29)

[SA], and

(A .4 .30)

(A .4 .31)

Hence, the  so lubili ty  p roduc t (Ksp) can be d e te rm in ed  by:
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Table A.4.3: Compression pressure and time applied to prepare compacts for intrinsic 

dissolution studies.

Sample Compaction pres.sure and (inie

BA 6 tonnes, 30 seconds

SD:BA 1:1 physical mixture 6 tonnes, 30 seconds

SD;BA 1:1 cocrystal 6 tonnes, 30 seconds

SA 8 tonnes, 2 minutes

SD:SA 1:1 physical mixture 8 tonnes, 2 minutes

SD:SA 1:1 cocrystal 8 tonnes, 2 minutes

NA Stonnes, 30 seconds

SD:NA 1:1 physical mixture 6 tonnes, 30 seconds

SD:NA 1:1 cocrystal 6 tonnes, 30 seconds

I— '— I— '— I— '— t/ / -
3600 3400 3200 3000 12001600 1400 1000 800 600

wavenunnber (cm'^)

Figure A.4.2; IR spectra o f a) NA after ID, b) NA before ID, c) SA after ID, d) SA before ID, 

e) BA after ID and f) BA before ID.
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Appendix 5

Table A.5.1: Chemical structure, molecular weight. pKa value(s) and melting point ot'a ll drug and coformer components. The melting temperatures (T,„) and 

corresponding enthalpies o f fusion (AH|) refer to experimental data shown in Chapter 2 (for BAM  and DBSO), in Chapter 3 (fo r SD and 4-ASA) and in 

Appendix 3 (fo r all other components).

Cocrystal compound Structure Molecular weight (g/mol) pK,, values T „„  °C (AHr,.I/g)

Benzamide (BAM )

0cy'"’ 121.14 pKa = 13 '̂
126.90 ±0.31 

(188.05 ±3.79)

Dibenzyl sulfoxide (D liSO) 230.32 pKa = 19.25'”
134.23 ± 0.53 

(131.90± 1.24)

Sulfadimidine (SD)

CH,

o AJ! 1 278.33
pKa, = 2.79'^’ 
pKa: = 7.4*̂ ’

197.16±0.43 
(130.45 ±6.60)

Benzoic acid (BA) Io 122.12 pKa = 4 .2 l“>
121.14± 0.69 

(139.43 ±0.32)

Salicylic acid (SA) oi" 138.12
pK-ai =3.00'-’ ' 
pKa2= I3.4'-’’

158.07 ±0.68 
(170.06 ±5.99)
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T a b le  A .5 .1;  con t in u ed

C o c n s t a l  com pound Structure M olecular weight (g/mol) pKa values T„„ °C (AHf, J/g)

4-aminosalicylic  acid (4-A SA )

0

153.14
pK,i=2.0'^

pKa: = 3.56*'’
139.07 ± 0 .9 3  

(392.80 ± 7.33)

Nicotinic acid (NA) Io 123.11
pK„ =2.14*^* 
pK,2 =4.82*^’

235.65 ± 0.59 
(205.67 ± 7 .4 3 )

Pyrazine-2-carboxylic  acid (PC A) 124.10 pK, = 2.90'’'
224 .74  ± 0 .3 7  

(798.72 ± 3 2 .1 1 )

Pyridine-2-carboxylic acid (PA) Io 123.1 1 pKa, = i.or'
pKLa: =5.39 '*

136.60 ±  1.03 
(177.35 5.02)

a) Perrin. 1965
h) ChemBase (ID: 75258); Matthews et al.. 1975
c) Siikiil and Spiteller, 2006
d) Harris. 2010
e) Kolthqffand Stenger. 1942
f)  Newton and Kliiza, 1978
g) Nagv and Takdcs-Novdk. 1997
h) Zhang et al.. 2003
i) Abdullah and Tofiq, 2010
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