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Chapter 1
Introdu
tion
1.1 Chemistry of the solid state1.1.1 Crystal engineeringThe term of 
rystal engineering was �rst introdu
ed by Pepinsky in 1955 [1℄ andlater developed by S
hmidt. [2℄ Crystal engineering is de�ned as the design of 
rys-tal ar
hite
tures starting from mole
ular building blo
ks and it studies the di�erent
rystal forms of 
ompounds su
h as solvates, salts, 
o
rystals and polymorphs aspossible routes for new fun
tional materials (Fig. 1.1). It has be
ome a key topi
in the last few years, in both a
ademi
 and industrial resear
h, due to the im-pa
t that new 
rystalline materials have in di�erent areas su
h as supramole
ular
hemistry, [3, 4℄ non-linear opti
al materials, [5, 6℄ 
oordination polymers [7℄ andpharma
euti
al s
ien
es, [8℄ usually with the aim of improving the physi
o
hemi-
al properties and also generating intelle
tual property. [9, 10℄ Crystal engineeringpermits a rational approa
h to the investigation of solid forms. [11℄1.1.2 Solid state forms1.1.2.1 PolymorphsOver the last de
ades polymorphism has been an intense area of resear
h in solid-state 
hemistry. [12, 13℄ Polymorphism is de�ned as "the ability of an element or
ompound to exist in di�erent 
rystal forms; with a di�erent spa
e disposition ofthe mole
ules whi
h form the 
rystal". [14℄ Su
h di�eren
es in 
rystal pa
king andinter/intramole
ular intera
tions 
an lead to 
onsiderable di�erent physi
al and
hemi
al properties, su
h as parti
le size, shape, hardness, melting point, density,1



2 Introdu
tion

Fig. 1.1: Layout of mole
ular solid formssolubility, dissolution rate, hygros
opi
ity, rea
tivity, heat 
apa
ity and stability,[15{18℄ whi
h a�e
t drug manufa
turing pro
esses [19, 20℄ and bioavailability, [21℄mainly 
on
erning the pharma
euti
al industry. Other areas su
h as agro
hemi
als,pigments, dyes and explosives are also a�e
ted by polymorphism. [12, 22{25℄The �rst reported example of polymorphism of mole
ular 
ompounds was ben-zamide in 1832 [26℄ and later on the ritonavir's phase transformation [27℄ alarmedthe pharma
euti
al industry (Fig. 1.2). Another similar 
ase has been reportedmore re
ently for rotigotine, a Parkinson's disease drug. [28℄

Fig. 1.2: Ritonavir's polymorphs [29℄Polymorphism and 
rystallization have be
ome essential for resear
h and thepharma
euti
al industry with spe
ial importan
e on generi
 drugs over the lastde
ade. About 80 per 
ent of pharma
euti
al API's (A
tive Pharma
euti
al In-gredient) show polymorphism and it has be
ome a 
onstant 
on
ern to the patentsystem, sin
e a 
rystalline modi�
ation of a substan
e represents the existen
e of anew solid form with potentially di�erent properties, 
onverting it to a 
ompetitor



1.1 Chemistry of the solid state 3of a patented 
ompound. [14, 16, 30, 31℄ Although today polymorphism is a wellknown phenomenon, predi
ting the o

urren
e and the properties of a parti
ularpolymorph of a given 
ompound, as well as obtaining the desired polymorph arestill a 
hallenge to resear
hers. [32{38℄1.1.2.2 Thermodynami
s of polymorphsIn a polymorphi
 system it is of great interest to determine the relative stabilityof the di�erent forms. The ability of a polymorph to 
rystallize is determined bythermodynami
 and kineti
 fa
tors. [39℄ As a 
onsequen
e of the di�erent dispositionof the mole
ules in the 
rystal latti
e and the non-
ovalent intera
tions, the energiesof the polymorphs are also di�erent and in extension the physi
o
hemi
al propertiesof ea
h solid form. Only one of the forms is the thermodynami
ally stable ata spe
i�
 temperature and the rest of the forms may transform into the stableone. [14℄ However, it is possible that this transformation needs high a
tivationenergy and 
onsequently the existen
e of metastable forms whi
h do not transformduring long periods of time is allowed. In the pharma
euti
al industry, usuallymetastable forms are of spe
ial interest sin
e they have advantageous propertiessu
h as high solubility, major bioavailability, and better behaviour in grinding ormilling and 
ompression pro
esses. However, me
hani
al stress pro
esses and highhumidity 
onditions 
an a

elerate polymorphi
 transformations from metastableto the stable forms, be
ause of the tenden
y to redu
e their free energy. [14, 16℄The knowledge of the thermodynami
 and kineti
 lands
ape of a polymorphi
system is 
ru
ial to understand the formation of the di�erent phases and theirinterrelations. The relation among di�erent phases of a substan
e is governed bythe rule of phases established by Gibbs:P + F = C + 2 : (1.1)Being C the number of 
omponents, P the number of phases in equilibrium andF the number of degrees of freedom of the system. In 
ase of a pure substan
e(C = 1) exhibiting two forms, two phases are in equilibrium (P = 2) and thesystem presents one degree of freedom. The 
on
lusion drawn from the rule ofphases is that only one form exists in a determined temperature and pressure, ex
eptin the transition temperature (Ttr), where the two phases 
oexist in equilibrium.A

ording to this rule, the pro
ess of transformation of one polymorph into another(a phase transition) takes pla
e at a spe
i�
 temperature and pressure.



4 Introdu
tionRelative stability between polymorphsIn the late nineteenth 
entury, Lehmann 
lassi�ed the polymorphi
 systems intomonotropi
 and enantiotropi
 systems, whereas Ostwald dis
overed the prin
iplesof thermodynami
 and kineti
 relationships between polymorphs (Ostwald's Ruleof Stages). [12℄ If the system is reversible, the two forms are related enatiotropi
allyand a transition temperature exists, in whi
h the relative stability of the two poly-morphs is inverted. The low melting form is the most stable below the transitiontemperature, and the high melting form is stable over that value. The transitionon heating is always endothermi
, whereas on 
ooling it is exothermi
. On the
ontrary, if the transition between phases is irreversible, the two forms are relatedmonotropi
ally and the highest melting form is the most stable at all temperaturesuntil the melting. In that 
ase, the only possible spontaneous transformation isfrom the lowest melting point form to the highest melting point form, and su
htransformation is ne
essarily exothermi
. [16, 40, 41℄Determining the relative stability between polymorphs is of great importan
e,sin
e in the 
ase of monotropy it will be impossible to obtain a metastable formstarting from the stable one in the solid state. On the other hand, in the 
ase ofenantiotropy it is possible to obtain any of the forms depending on the temperature.In general, the thermodynami
 relationship between two polymorphs is representedby the Gibbs free energy versus temperature plot. Burger and Ramberger, [42℄proposed alternative plots 
alled energy diagrams, in whi
h free Gibbs energy andenthalpy of both polymorphs versus temperature are represented.(Fig. 1.3) [12, 14,34, 40℄Rules for the predi
tion of the thermodynami
 relationship betweenpolymorphsThermodynami
 relationships between polymorphs 
an be dedu
ed experimen-tally by solubility measurements, solution-mediated polymorphi
 transformationstudies, 
alorimetri
 analyses, density data and spe
tros
opy analysis. Tamman in1926 was the �rst to develop some rules for predi
ting the thermodynami
 rela-tive stability between two or more polymorphs. Later, Burger and Ramberger in1979, Yu in 1995 and Grunenberg et al. in 1996 made extensive their appli
ation-s. [12, 14, 40, 42, 43℄ The following empiri
al rules were extra
ted:Heat of transition rule: two polymorphs are enantiotropi
ally related if an en-dothermi
 phase transition between both forms exists at a temperature below thelower melting point. [14, 40, 41℄Heat of melting rule: two polymorphs are enantiotropi
ally related if the highermelting point form presents the lowest enthalpy of melting, otherwise they are
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Fig. 1.3: Burger-Ramberger plots; (a) Enantiotropy and (b) Monotropymonotropi
ally related. [14, 40, 41℄Entropy melting rule: two polymorphs are enantiotropi
ally related if the highermelting point form presents the lowest entropy of melting. On the 
ontrary, theyare monotropi
ally related. [14, 43℄ However, this rule has several ex
eptions.Heat 
apa
ity rule: two polymorphs are enantiotropi
ally related if the highermelting point form has the bigger heat 
apa
ity, at a spe
i�
 temperature. This rulehas a limited appli
ation sin
e similar heat 
apa
ities are diÆ
ult to be measureda

urately. [14, 40℄Density rule: it is based on the prin
iple established by Kitaigorodskii, taking in-to a

ount the 
ompa
t pa
king of the mole
ular 
rystals. [44℄ The most stable formof a system without hydrogen bonds in the absolute zero temperature has the high-est density, sin
e Van der Waals intermole
ular intera
tions are stronger. Therefore,the 
rystal stru
ture with the most eÆ
ient pa
king will have also the lowest freeenergy. However, this rule presents exeptions sin
e energeti
ally favorable hydrogenbonds 
an 
ompensate the loss of energy of Van der Waals intera
tions and they
an stabilize the polymorph with lower density. [12, 14, 44℄Other rules exist, but they are not widely appli
able be
ause of their errorper
entage.



6 Introdu
tion1.1.2.3 Solvates and hydratesMole
ular 
ompounds 
an also exist as solvates, whi
h are solid phases 
ontain-ing solvent mole
ules that o

upy regular positions in a stoi
hiometri
 or non-stoi
hiometri
 ratio in the 
rystalline stru
ture. [14, 45, 46℄ Solvates are generallymore soluble and dissolve faster than the pure substan
e. When the solvent is wa-ter they are 
alled hydrates and, although they are usually less soluble than theanhydrous form, [47℄ they have mu
h more interest in the pharma
euti
al industry,be
ause of its non toxi
ity and its high stability due to the 
apa
ity of the watermole
ules to form hydrogen bonds. [16℄ Moreover, these solid forms are of rellevan
ein polymorphism sin
e desolvation may lead to new polymorphs.1.1.2.4 Amorphous solidsAmorphous solids 
onsist of disordered arrangements, la
king a long-range orderof mole
ules in the solid phase. Sin
e they are metaestable forms, with a strongtenden
y to 
rystallize even more in 
onta
t with moisture, it is diÆ
ult to 
ommer-
ialize them in the pharma
euti
al industry. However, they present a high interestin terms of solubility and bioavailability. Pro
esses su
h as liophilisation and spray-drying are broadly used to produ
e amorphous solids. [16℄ An amorphous phase isnamed vitreous below a temperature 
alled glass transition temperature (Tg) and ittents to behave like a 
rystalline solid having similar properties su
h as the plasti
deformation and little order of the mole
ular disposition. Over this temperature,the substan
e is 
alled rubber and it behaves more like a liquid phase, having sim-ilar mole
ular mobility, whi
h may fa
ilitate its spontaneous 
rystallization witha low exothermi
 heat variation asso
iated and its subsequent melting at highertemperature. [40℄1.1.2.5 SaltsThere are spe
i�
 
ases when the target 
ompound is ionizable and it is possibleto form a salt with a basi
 or a
idi
 
oformer. [48℄ Salts are highly soluble inwater and they show higher bioavailability than their 
orresponding neutral spe
ies.For this reason, they are, in many 
ases, preferably 
hosen over the free a
id orbase in the formulation of pharma
euti
al 
ompounds. Additionally, salt formation
an improve 
rystallinity and stability. Approximately half of the APIs in thepharma
euti
al market are salts. [14, 18, 49℄



1.1 Chemistry of the solid state 71.1.2.6 Co
rystalsCo
rystals have been known sin
e the late 19th 
entury. Quinhydrone was the �rstreported 
o
rystal by F. W�ohler in 1844. [50℄ They are an alternative to salts whenthese do not have the appropriate solid state properties or 
annot be formed due tothe absen
e of ionizable sites in a 
hemi
al 
ompound. The de�nition of a 
o
rys-tal has brought 
onsiderable debate regarding them as multi
omponent 
rystals:"
omplexes of two or more neutral mole
ules, ea
h one existing as a solid at roomtemperature, intera
ting in the 
rystal latti
e via non{
ovalent intera
tions: mainlyhydrogen bonds, Van der Waals or �{� intera
tions". [14, 17, 51, 52℄ Re
ently, theCenter for Drug Evaluation and Resear
h of the Food and Drug Administration (F-DA) has released the latest regulatory 
lassi�
ation of pharma
euti
al 
o
rystals:a 
o
rystal is a disso
iable API-ex
ipient 
omplex 
lassi�ed as a drug produ
t in-termediate that 
an improve drug performan
e. [53℄Whether a 
ompound is a salt or a 
o
rystal has been an issue of dis
ussionamong solid state 
hemists. [54,55℄ Co
rystals and salts may be distinguished by theabsen
e or not of a proton transfer between 
omponents. [56, 57℄ A pKa di�eren
ebetween two rea
tants (typi
ally � pka > 3) is used as a 
riterion for sele
ting
ounterions of salt formation. When the � pka < 1 the resulting 
ompound willalmost ex
lusively be a 
o
rystal. However, there is a range between 0 and 3 inwhi
h no a

urate predi
tion is possible to make. The di�eren
e between a salt anda 
o
rystal is the proton lo
ation in the 
rystal. Nevertheless, there is no sharpborderline between the two types of multi
omponent 
rystals but a 
ontinuum, [54,55, 58{60℄ sin
e a mole
ular 
o
rystal 
an transform into a salt on variations intemperature or pressure. [61{63℄Co
rystals have re
ently gained the interest of di�erent resear
h areas su
h asnonlinear opti
s, solvent free organi
 synthesis, host{guest 
hemistry and photo-graphi
 �lm formulation and they have be
ome an additional tool in the pharma-
euti
al �eld. [60℄ In 
rystal engineering of pharma
euti
al interest, a major goal isa
hieved when an API is indu
ed to form a 
o
rystal by suitable 
omplexation withanother mole
ule known as a 
oformer, whi
h is sele
ted on the basis of mole
ularre
ognition through 
omplementary sites with the API [64℄ from the GRAS (Gener-ally Regarded as Safe) [65,66℄ and EAFUS (Everything Added to Food in the UnitedStates) [67℄ lists published by the FDA. Co
rystallization of pharma
euti
als 
animprove some of the solid-state properties of the drugs, su
h as bioavailability, [68℄dissolution rate, [69℄ physi
al stability, [70℄, 
owability, 
hemi
al stability, [71℄ 
om-pressibility [72℄, hygros
opi
ity, [73℄ and the new solid forms 
an o�er the possibilityof patenting a prote
ted API without infringing the originator's patent. [70, 74, 75℄Co
rystals and salts 
an also present polymorphism, suggesting additional options
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tionto modify properties, in
rease patent prote
tion and improve marketed formula-tions. [10,76{85℄ Opposite to what was previously thought, [86℄ 
o
rystal polymor-phism is highly frequent and several examples of pharma
euty
al 
o
rystals thatshow polymorphism have been reported to date. [77, 84, 87{89℄ Investigating thepolymorphi
 behaviour of a 
ompound is 
ru
ial for determining the solid stateproperties of a system and it is equally important when regarding 
o
rystal forms.Of several methods, 
o
rystallization from solution and me
hano
hemi
al methodsare the mainly used for 
o
rystal formation and a 
ombination is needed to identifyas mu
h polymorphi
 forms as possible. [90℄ Although several examples of pharma-
euti
al 
o
rystals are reported in the literature, none has been approved for useby the FDA yet, therefore mu
h e�ort needs to be dire
ted to the pharma
euti
al
o
rystal resear
h.A parti
ular 
lass of 
o
rystals formed by a neutral mole
ule and an inorgani
salt are named ioni
 
o
rystals and they have re
ently also re
eived mu
h attentionin the pharma
euti
al �eld. [91, 92℄1.1.3 Supramole
ular 
hemistryThe term supramole
ular 
hemistry has been de�ned by the Nobel laureate Jean{Marie Lehn as "the 
hemistry of mole
ular assemblies and of the intermole
ularbond". [93℄ The prin
iples of self-assembly and mole
ular re
ognition are intimate-ly asso
iated paradigms of supramole
ular 
hemistry. The original resear
h onsupramole
ular 
hemistry remains on syntheti
 re
eptors 
apable of "host{guest"type behavior in mole
ular re
ognition pro
esses in whi
h mole
ules sele
t ea
hother via favorable intermole
ular intera
tion to yield a well-de�ned 
omplex insolution in a 
oherent and 
ooperative manner, without the need to break or form
ovalent bonds. [94, 95℄ Pedersen, [96℄ Lehn [97℄ and Cram [98℄ developed the 
on-
epts of mole
ular re
ognition and self-assembly as an area of s
ienti�
 resear
h.Nowadays, supramole
ular 
hemistry has evolved into an interdis
iplinary �eld thatbridges biology, 
hemistry and physi
s. Crystal engineering has been applied underthe 
on
ept of supramole
ular 
hemistry to design 
o
rystals by means of energyor stru
ture based rational approa
hes on the paradigm of intermole
ular intera
-tions and mole
ular re
ognition to obtain new fun
tional materials with spe
i�
properties. [52℄ A 
o
rystal is the 
onsequen
e of a mole
ular re
ognition even-t between di�erent mole
ular spe
ies. The subsequent 
rystal self-assembly is anon-equilibrium pro
ess via intermole
ular intera
tions subje
t to the 
rystalliza-tion 
onditions and pro
esses su
h as asso
iation and nu
leation take pla
e before
rystal formation. (Fig. 1.4)
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Fig. 1.4: Crystal engineering and supramole
ular 
hemistry1.1.3.1 Intermole
ular intera
tionsIntermole
ular intera
tions 
an be 
hara
terized by their ability to parti
ipate in di-re
tional or non{dire
tional for
es. Crystals of supramole
ular systems are an exam-ple of stru
tures that arise from both kind of intera
tions. On the �rst group, hydro-gen bonding, halogen bonding, ion pair, ion{dipole [99℄ and dipole{dipole [100{102℄intera
tions are largely ele
trostati
 intera
tions. The anisotropi
 nature of dipolesprovide a degree of dire
tionality, as well as hydrogen and halogen bonding and alsoCH{� intera
tions. [103,104℄. On the other hand, indu
ed-dipole intera
tions su
has ion-indu
ed-dipole and Van der Waals or London dispersion for
es are weakerthan permanent dipole intera
tions and they are the most 
ommonly en
ounterednon-dire
tional intera
tions. Although not useful in 
o
rystal design, they are im-portant in 
rystal pa
king. [105, 106℄The most notable intera
tion is hydrogen bond. Ubiquitous in s
ien
e, hydro-gen bonds are of relevan
e in assembling pro
esses due to their dire
tionality andstrength. [107℄ It was in 1931, in a paper des
ribing the nature of the 
hemi
albond, when Pauling �rst used the des
riptor "hydrogen bond". [108℄ A hydrogenbond may be formed when the ele
tronegativity of A relative to hydrogen in anA{H 
ovalent bond is suÆ
ient to 
ause deshielding of the hydrogen. [109,110℄ Thehydrogen bond then forms with an a

eptor atom B that 
omprises lone-pair ele
-trons or polarizable �{ele
trons resulting in an A{H� � �B arrangement. Hydrogenbonds have the 
exibility to exist between varieties of fun
tionalities with di�erentlengths and geometries. [111℄ For pharma
euti
al 
o
rystals, hydrogen bond playsa signi�
ant role and a graph set notation system introdu
ed by Etter et al. in
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tion1990 [107, 112℄ has been used widely to des
ribe and label hydrogen bond motif-s. For prin
ipal motifs: 
hains C, dimers D, rings R and intramole
ular hydrogenbonds S as des
riptors of hydrogen{bonded mole
ular solids are de�ned (Fig. 1.5).

Fig. 1.5: Examples of graph sets in hydrogen bond arraysIn parallelism to hydrogen bonding, halogen bonding is a relatively strong anddire
tional non 
ovalent intera
tion of the type B{XY where B represents a Lewisbase, 
ommonly nitrogen, oxygen, sulphur or sellinium with a non bonding ele
tronpair, and X a halogen atom. Another reported type of halogen bonds is X���:N. [113{116℄Ele
trostati
 intera
tions su
h as ion pair are de�ned to exist when a 
ation andan anion are 
lose enough in spa
e that the energy asso
iated with their ele
trostati
attra
tion is larger than the available energy to separate them. Ion-dipole anddipole-dipole is another type of ele
trostati
 intera
tions in whi
h the positive 
hargeends of a dipole intera
t with the negatively 
harge ends or ion. The latter for
esare responsible for holding solvent mole
ules together and raising boiling points.Other intera
tions whi
h play a role in supramole
ular 
hemistry and 
riti
al bi-ologi
al pro
esses are those between �{surfa
es (�{� sta
king), 
ation{�, anion{�and polar{�. [117, 118℄ �{� intera
tions, 
an exist in di�erent 
onformations: par-allel displa
ed, T{shaped or edge{to{fa
e, and tilted{T, [119{121℄ and all of themhave been reported as part of the 
omplexation of aromati
 
ompounds within stru
-turally diverse hosts in whi
h 
omplementary ele
trostati
 intera
tions also play arole. Cation-� intera
tions have been reported to be 
omparable in nature andstrength to the strongest intermole
ular intera
tions. [122, 123℄ Theoreti
al studiesof anion{� intera
tions support the 
on
ept of ele
tron de�
ient aromati
 surfa
es
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tions towards anions with binding energies 
omparableto hydrogen bonds [124℄ Weaker than 
ation and anion{� intera
tions, polar{� in-tera
tions take part when a polar mole
ule intera
ts with the quadrupole momentof a � system. Any hydrogen bond donor will experien
e a favorable ele
trostat-i
 intera
tion with the fa
e of a benzene ring. These intera
tions are observed inprotein stru
tures and 
ontribute to solid state pa
king for
es.On the other side of ele
trostati
s, the hydrophobi
 e�e
t is the single mostimportant 
omponent in biology
al mole
ular re
ognition pro
esses su
h as proteinfolding, membrane formation, small mole
ule binding by re
eptors in water. [118℄A 
omparison of the main intermole
ular intera
tions is shown in table 1.1.Tab. 1.1: Non-
ovalent intermole
ular intera
tions.2Intera
tion Bond Energies Building blo
ks Produ
ts(kJ/mol)Covalent 200{400 Atoms Mole
ulesHydrogen Bond 4{120Dipole{Dipole 5{50� � � sta
king < 50 Mole
ules Supermole
ulesVan der Waals < 5
1.1.3.2 Co
rystals design and predi
tionA detailed understanding of the supramole
ular 
hemistry of the present fun
tionalgroups is a prerequisite for designing a 
o
rystal, sin
e it fa
ilitates the appropriatesele
tion of 
o
rystal formers. Stru
ture based 
o
rystal design 
onsists in lo
at-ing whi
h fun
tional groups 
an intera
t with a 
oformer using as a referen
e anempiri
al resour
e su
h as the Cambridge Stru
ture Database (CSD), [125℄ whi
hfa
ilitates statisti
al analysis of pa
king motifs and many empiri
al information 
on-
erning 
ommon fun
tional groups and how they engage in mole
ular asso
iationand form supramole
ular synthons. [126℄A supramole
ular synthon is a probabilisti
 event that represents dire
tionali-ty, and it is deeply embedded into the theory and pra
ti
e of 
rystal engineering,sin
e it is the stru
tural unit that 
onveys the essential features of a 
rystal stru
-ture. Supramole
ular synthons 
an be 
lassi�ed in two groups: homosynthons andheterosynthons. [127℄ Homosynthons o

ur between identi
al and 
omplementary2Data 
ompiled from [94℄
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tionfun
tional groups and some examples are: 
arboxyli
 a
ids, amide dimers and 
ate-mer synthons. On the other hand, heterosynthons o

ur between two di�erent but
omplementary fun
tional groups and some examples are: 
arboxyli
{amide and
arboxyli
 a
id{pyridine synthons. [128℄ (Fig. 1.6)

Fig. 1.6: Examples of supramole
ular synthonsThe supramole
ular synthon approa
h [60℄ has its origins in 1894, when EmilFis
her postulated that an enzyme intera
ts with its substrate as a key does withits lo
k. [129℄ Later, the term of supramole
ular synthon has been de�ned by De-siraju [64,126,130℄ as "stru
tural units within supermole
ules whi
h 
an be formedand/or assembled by known or 
on
eivable syntheti
 operations involving inter-mole
ular intera
tions".Co
rystallization is the result of 
ompeting mole
ular asso
iations between dif-ferent mole
ules and hydrogen bonds are mainly the basis of mole
ular re
ognitionphenomena and responsible for the generation of a huge variety of mole
ular net-works in the 
rystalline state. Thus, the 
rystal 
onstru
tion might be seen as akineti
ally sequential event, in whi
h initially the most robust synthon is formedwith strong and dire
tional intera
tions followed by other synthons involving slight-ly weaker and less dire
tional intera
tions. Although 
ompetition between synthonsmakes it 
ompli
ated, [64,85℄ empiri
al 
on
lusions over the hierar
hy of supramole
-ular synthons and in parti
ular 
on
erning hydrogen bonds are useful guidelines for
o
rystal design. [52,131,132℄ The identi�
ation of reliable supramole
ular synthonsis the preliminary step in the design and analysis of multi
omponent 
rystal stru
-tures. The main empiri
al guidelines des
ribed by Etter 
an be summarized asfollows: [107℄� All good proton donors and a

eptors are used in hydrogen bonding� A six-membered ring with intramole
ular hydrogen bonds is formed in pref-eren
e to intermole
ular hydrogen bonds� The best proton donors and a

eptors remaining after intramole
ular hydro-gen bond formation form intermole
ular hydrogen bonds to one another.
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o
rystal is only expe
ted to form if it is thermodynami
ally more stablethan its free 
omponents. Understanding the relationship between the stru
tureof a mole
ule and the preferred pattern of pa
king during the assembly of a mul-ti
omponent 
rystalline solid would provide insight into the design of solids withproperties that depend on the relative alignment of the 
onstituent mole
ules. Thus,understanding the nature and energeti
 orderings of non 
ovalent intera
tions is es-sential for predi
ting the stru
tures and properties of 
omplex mole
ular systems.Apart from stru
ture based methods for designing 
o
rystals, 
omputational at-tempts have been re
ently exploited to predi
t 
o
rystal formation on the basisof various parameters: latti
e energy 
al
ulations by Sally Pri
e and 
oworker-s, [133, 134℄ Hansen solubility parameters (HSPs), [135℄ enthalpies as implementedin COSMOtherm software. [136℄ More re
ently, a new predi
tive methodology hasbeen developed by Chris Hunter, based on surfa
e site intera
tion points 
al
ulatedfrom the ab initio mole
ular ele
trostati
 potential surfa
e of the mole
ule in thegas phase. [137{139℄Unfortunately, 
o
rystal stoi
hiometry and additional 
omponents, su
h as sol-vent or water, whi
h may be
ome in
orporated into the stru
ture during synthesis,are other 
ompli
ations that hinder stru
ture predi
tion. Therefore, reliable pre-di
tions of whi
h stru
tures will a
tually 
rystallize remains a 
hallenging area ofongoing resear
h and 
o
rystal synthesis is still limited within the real mode oftrial-and-error experimentation for the foreseeable future. [140{143℄Rationalizing and predi
ting patterns of pa
king in mole
ular solids has provento be diÆ
ult and di�erent experimental strategies for engineering the design ofmole
ular aggregates have been developed. [144{146℄ However, it still remains as
ienti�
 
hallenge to understand the nature of 
rystal pa
king for
es and theirimpa
t upon physi
o
hemi
al properties of di�erent 
rystal forms.1.1.3.3 Co
rystals formationVarious experimental methods 
an be performed to 
o
rystallize two entities: grind-ing, drop-grinding, 
o
rystallization from solution, rea
tion 
rystallization and 
o-melting are mainly used, and experimental 
onditions su
h as temperature, solvent,solute 
on
entration, additives, vessel design, time heating, 
ooling rates, pH andmixing ratios are possible variables to be modi�ed. [10,74,147℄ A �rst step of 
o
rys-tal formation is to study the existing equilibrium between the two solid phases andthe solvent.To depi
t the phase behavior of 
o
rystallizing systems, solubility diagrams areuseful: binary phase diagram (BPD) [148℄ of A and B shows the thermal stability of
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tionthe 
o
rystal system and the eute
ti
s, phase solubility diagram (PSD) [149℄ showsthe solubility 
urves of solid phases as a fun
tion of solution 
on
entration of A andB and ternary phase diagrams (TPD) [150,151℄ shows the thermodynami
 out
omeof a 
rystallization of 
o
rystal 
omponents (A and B) in a solvent (S) at a giventemperature (Fig. 1.7). Solubilities of the two 
omponents are of spe
ial interest,sin
e the di�eren
e in solubility alters the lo
ation and the shape of the region inwhi
h a 
o
rystal is thermodynami
ally stable.

Fig. 1.7: S
hemati
 (a) BPD, (b) PSD and (
) TPD diagrams [152,153℄After 
hoosing the proper 
oformers, an experimental 
o
rystal s
reening is 
on-du
ted in order to identify the solid forms obtained and verify if the previous pre-di
tion has been true. Sin
e it is diÆ
ult to automate and labor intensive, highthroughput methods have be
ome of relevan
e. [154,155℄ The �nal step of 
o
rystalpreparation is the performan
e of tests of newly formed 
ompounds whi
h in
ludesboth in vitro and in vivo tests for pharma
euti
al 
o
rystals.1.2 Squari
 a
id derivativesIn this phD thesis, the solid state knowledge is applied to di�erent squari
 a
idderivatives. Squari
 a
id (3,4-dihydroxy-3-
y
lobutene-l,2-dione, (1)) was �rst syn-thesized by Cohen [156℄ and it is a 
olorless 
y
lobutene derivative of unusuallyhigh 
hemi
al and thermal stability. It is a strong diproti
 a
id, whi
h 
an formmono- and dianions on deprotonation by amines (Fig. 1.8). [157{159℄ All the neutral



1.2 Squari
 a
id derivatives 15and ioni
 spe
ies possess a 
ertain degree of ele
tron delo
alization, but it is mostpronoun
ed in (3), whi
h is 
onsidered to be aromati
.
Fig. 1.8: Anioni
 forms of squari
 a
idAfter the dis
overy of moniliformin, a semisquari
 a
id salt isolated from maizemolds Fusarium moniliforme and Gibberella Fujikuroi, [160℄ numerous analoguesderivatives of squari
 a
id have been synthesized and showed interesting physiolog-i
al properties. [161℄ For all these abovementioned 
hara
teristi
s and its nature ofsmall, 
at and rigid mole
ule whi
h 
an self-assemble by strong hydrogen bonds,squari
 a
id is a versatile potential mole
ule frequently used in 
rystal engineeringto build up multi
omponent systems with metals or organi
 bases to give spe
if-i
 two- or threedimensional aggregates. [162{166℄ In bioorgani
 
hemistry, squari
a
id 
an be used in enzymati
 rea
tions, sin
e its di�erent resonan
e forms 
anmimi
 a
idi
 fun
tions. [167, 168℄ In other �elds, squari
 a
id has been applied tothe design of photore
eptors, organi
 solar 
ells and opti
al re
ording. [169℄A family of 
ompound derivatives from squari
 a
id are 
y
lobutenediones and,in parti
ular, squaramides (Fig. 1.9), whi
h exhibit interesting and useful propertiesas supramole
ular synthons. The presen
e of two donor and two a

eptor hydrogenbonding groups in a rigid squari
 ring have attra
ted in the past the attention ofresear
hers in di�erent areas su
h as medi
inal 
hemistry, enantiosele
tive 
atalysis,supramole
ular 
hemistry and bio
hemi
al pro
esses. [170{172℄

N N

O O

H

R

H

RFig. 1.9: Squaramide s
hemeSquaramides have been widely studied in dissolution and various appli
ationsof these 
ompounds have been re
ently reported. Unsymmetri
al squaramides havebeen used as pharma
euti
ally a
tive 
ompounds into the treatment of variousin
ammatory diseases [173℄ and they have been also patented for their appli
a-tion in the treatment of asthma, multiple s
lerosis, and rheumatoid arthritis. [174℄
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tionStill in medi
ine, other squaramides have been used as 
arboxylates, sulfonatesand phosphates isosteri
 groups to enhan
e biologi
al a
tivity. [175℄ In bio
hem-istry, squaramide-type nu
leotide analogues have been studied as potential bio-logi
ally a
tive 
ompounds su
h as antiviral and anti
an
er agents [157, 176{178℄and as transmembrane anion transporters and ion 
hannels for the treatment of abroad spe
trum of disease types, with better properties than analogous ureas andthioureas. [179℄ In mole
ular re
ognition systems, squaramides are 
omplementaryto 
ations and anions, su
h as quaternary ammonium salts, [180, 181℄ 
arboxy-lates, [171℄ anion sulfates [182℄ and phospholipids. [171℄ These properties have beenapplied into the design of sensing devi
es [180, 183, 184℄ and nanoparti
les. [185℄Besides the abovementioned physiologi
al properties of 
y
lobutenediones, these
ompounds have been also proved as powerful syntheti
 building blo
ks [170℄ andas 
hiral auxiliaries for asymmetri
 
atalysis [186, 187℄ and di�erent rea
tions su
has Mi
hael addition, [188℄ Friedel-Crafts rea
tion, [189℄ �-amination, [190℄ dynami
kineti
 resolution [191℄ and Morita{Baylis{Hillman rea
tion. [189℄From a stru
tural point of view, squaramides are analogous to squari
 a
id andthey 
an be des
ribed as viniligous amides. The rigid and planar stru
ture of the
y
lobutendione ring (C4N2O2), 
ontaining two 
oplanar 
arbonyls and two N-Halmost 
oplanar, indu
es a de�nite orientation of N-H groups, whi
h enhan
es thelinear hydrogen bonding spe
i�
ity for some substrates. [192℄ The hydrogen bond
apabilities are strengthened by the delo
alization of the nitrogen lone pair ele
tronsinto the four-member ring to form zwitterioni
 resonan
e forms (Fig. 1.10) [193℄ andtheoreti
al 
al
ulations have demonstrated that its partial aromati
ity in
rementswith the formation of 
omplexes with anions and 
ations. [194{196℄
Fig. 1.10: Zwitterioni
 resonan
e forms of squaramidesFor all these 
hara
teristi
s, squaramides have been studied in supramole
ular
hemistry as an eÆ
ient alternative to ureas and thioureas in the design of neutralmultisite re
eptors, sin
e they present advantages in duality binding, rigidity, hydro-gen bonding, a
idity and 
hemi
al stability. [197{199℄ Computational studies haveillustrated the enhan
ed hydrogen bond donor ability and a
idity of squaramidesin 
omparison to ureas and thioureas. [200℄ The squaramido fun
tionality shows d-uality and parti
ipates readily in ditopi
 or polytopi
 binding (anions and 
ations)(Fig. 1.11) even in 
ompetitive solvents, more than their 
ounterparts' ureas and



1.2 Squari
 a
id derivatives 17thioureas. [185, 197, 198, 201℄ Squaramides have been also proven good substitutesto thioureas in asymmetri
 
atalysis. [171℄

Fig. 1.11: Squaramide anion 
omplex [202℄Previous studies of se
ondary squaramides in solution demonstrate that these
ompounds 
an exist in several 
onformations due to the partially restri
ted rotationof the C-N bond (anti/anti and anti/syn 
onformers) (Fig. 1.12). [192, 197, 203℄

Fig. 1.12: Squaramide's possible 
onformationsThe low energy barrier of rotation enables squaramides to exist in di�erent
onformations, whi
h are geometri
ally 
apable to form self-assembling aggregates,stabilized through intra or intermole
ular hydrogen bonds, even in highly 
ompeti-tive polar solvents. [181, 192, 204℄Although the properties of squaramides in solution are well known, to the bestof our knowledge no information has been previously reported about their 
onfor-mational preferen
es in the solid state. Only a few 
rystal stru
tures of dise
ondarysquaramides have been des
ribed. [205, 206℄In this PhD thesis, the solid state properties of squaramides will be investigated,as well as their appli
ability into the design of new multi
omponent 
rystals.





Chapter 2
Obje
tives
This thesis is a multidis
iplinary study of the solid state of squari
 a
id derivativesby 
ombining approa
hes from areas su
h as 
rystal engineering, organi
 synthesis,supramole
ular 
hemistry and 
rystallography.The main obje
tives of this thesis are:� To analyze the stru
tural preferen
es in the solid state of the abovementionedfamily of 
ompounds, whi
h have been poorly studied in the past.� To design new 
rystalline materials derived from squari
 a
id in order to studynew supramole
ular synthons.� To explore relevant 
hemi
al phenomena su
h as template e�e
t, preorgani-zation, 
ooperativity and ele
trostati
 
ompression.In order to a

omplish these obje
tives, a series of squari
 a
id derivatives hasbeen synthesized and their 
rystal forms have been analyzed by means of severalexperimental te
hniques. In this sense, a 
rystal stru
ture solution method basedon powder X-ray di�ra
tion has been optimized.
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Chapter 3
Results and dis
ussion
It is well known that squaramides exhibit a dual donor{a

eptor hydrogen bondingability in solution whi
h make them interesting targets in areas su
h as supramole-
ular 
hemistry or medi
inal 
hemistry. However, the la
k of information about thesolid state properties of squaramides en
ouraged us initially to 
ondu
t a polymorphs
reening of several model 
ompounds with the obje
tive to learn more about thestru
tural features and 
onformational preferen
es of this family of 
ompounds. Ona se
ond stage, this information was used to design new supramole
ular ar
hite
-tures through 
rystal engineering strategies. Finally, the analysis of their 
rystalstru
tures, in 
ombination with important asso
iated 
hemi
al phenomena su
h as
ooperativity, preorganization and ele
trostati
 
ompression, helped us to establish
rystallographi
 and 
hemi
al relations among these 
ompounds.
3.1 Polymorphism of disquaramidesIn this 
hapter the polymorphism of several model 
ompounds are separately dis-
ussed (Fig. 3.1). Ea
h model 
ompound has been 
arefully designed with its par-ti
ular interest: dibenzylsquaramide (1) has no additional hydrogen bond donors/a

eptors apart from the squaramide moiety and it is geometri
ally restri
ted 
om-pared to other models, the two dipyridyl squaramides (2 and 3) have di�erentalquili
 
hain lengths and the pyridine groups enhan
e the hydrogen bond a

ep-tor 
hara
ter of the whole 
ompound, as well as the two dimethylamino groups ofdimethylethylenediaminosquaramide (4) whi
h in addition is highly 
exible.21
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3 4Fig. 3.1: Squaramide model 
ompounds: (1) Dibenzylsquaramide, (2) 3,4-bis-(2-methylaminopyridyl)-1,2-dioxo-3-
y
lobutene, (3) 3,4-bis-(2-ethylaminopyridyl)-1,2-dioxo-3-
y
lobutene, (4) 3,4-bis-(2-dimethylamino-ethylamino)-1,2-dioxo-3-
y
lobuteneAn experimental polymorph s
reening under di�erent thermodynami
 and kinet-i
 
rystallization 
onditions was 
ondu
ted with all 
ompounds in order to obtain asmany 
rystal forms as possible (Chapter 6.3.6). The di�erent 
rystal modi�
ation-s observed were fully 
hara
terized by the 
ombination of 
alorimetri
 te
hniques(DSC, TGA), powder X-ray di�ra
tion (PXRD) and hot-stage mi
ros
opy. Whenpossible, the 
rystal stru
tures were determined either by single X-ray di�ra
tion(SXRD) or from PXRD.3.1.1 3,4-Bis-benzylamino-
y
lobut-3-ene-1,2-dione (1)Compound 1 (Dibenzylsquaramide) was obtained a

ording to the literature fromdiethylsquarate and benzylamine in ethanol as a white solid (Chapter 6.3.6). Sin
eit was highly insoluble in all organi
 solvents, it 
ould only be re
rystallized in polarmedia su
h as DMF and DMSO and di�erent 
ombinations of those solvents withpolar and non polar antisolvents. The solids obtained revealed a multipolymorphi
system 
onsisting of three forms a

ording to their di�erent X-ray di�ra
tion pat-terns (Fig. 3.2). Experimental s
reening results are summarized in appendix A.12.Form I was obtained by slow 
ooling of a DMF saturated solution of 1 from70 ÆC to r.t. Forms II and III 
ould be obtained by slow di�usion of diethyl ether ordioxane, respe
tively, into a DMSO saturated solution at r.t. (See appendix A.12).DSC analyses of forms I, II and III reveal the melting of the anhydrous form Iat 311 ÆC(Fig. 3.3). In addition, DSC analyses of forms II and III show a solid-solidtransition at 256 ÆC into form I, whi
h was 
on�rmed by both variable heating rateDSC (the endothermi
 phenomenon is displa
ed when 
hanging the heating rate)and variable temperature PXRD analyses. Interestingly, the transition temperature
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Fig. 3.2: PXRD patterns of forms I, II and III of 1is observed at almost the same value in both 
ases. Although several polymorphs
an present the same melting point, [207℄ to the best of our knowledge this is the�rst time that two forms share the same transition temperature.

Fig. 3.3: DSC thermograms of forms I, II and III of 1Taking into a

ount the predi
tion rules (see 1.1.2.2) and some 
alorimetri
experiments, the relative stability of the polymorphs of 1 was dedu
ed. Their DSCanalyses revealed that the two polymorphi
 forms II and III transform through asolid-solid transition into form I at the same temperature (Tab. 3.1).Tab. 3.1: Calorimetri
 data for the di�erent 
rystal forms of 1Forms Transition MeltingOnset (ÆC) � H (J/g) Onset (ÆC) � H (J/g)I - - 311 165II 257 2 - -III 256 3 - -Sin
e the transition is endothermi
, a

ording to the Burger and Ramberger's
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ussionheat of transition rule (se
tion 1.1.2.2), II and III are enantiotropi
ally relatedto form I. In an enantiotropi
 system the phase transition must be reversible soit might be dete
table in a heating-
ooling DSC analyses. Figure 3.4 shows aDSC thermogram of form II in whi
h the reversible phase transition is observedendothermi
 while heating and exothermi
 on 
ooling.

Fig. 3.4: DSC thermogram of the reversible phase transition of form II on heating and 
oolingSingle 
rystals of forms I1 and III2, suitable for X-ray stru
ture determination(Fig. 6.2), were grown by slow 
ooling of a saturated solution of 1 in DMF at70ÆC and by slow di�usion of dioxane into a saturated solution of 1 in DMSO atr.t., respe
tively.Sin
e no suitable single 
rystals were obtained for form II3, its 
rystal stru
turewas determined by means of dire
t-spa
e methods. Despite the fa
ts of having atiny amount of sample and of preferred orientation problems 
aused by the usualneedle shape 
rystals, the use of high quality glass 
apillary, good resolution andhigh statisti
s laboratory powder XRD data lead to a su

essful stru
ture solution.The results enabled the following dis
ussion of relevant 
rystallographi
 features ofthe three polymorphs (Fig. 6.2).Forms I, II and III 
rystallize in mono
lini
 non-
entrosymmetri
 spa
e groupsC2, P
 and C2/
, respe
tively. All three forms reveal a well de�ned head-to-tailhidrogen bonding motif among the squaramide units through two amide hydrogensand two 
arbonyl oxygens (N-H/O) with similar intermole
ular distan
es (Tab. 3.2).Se
ondary � � � sta
king of the benzene rings in edge-to-fa
e and o�set sta
kedgeometries [121℄ are also observed in the dire
tion of b axis for form I and 
 axis1CCDC 676071 
ontains the 
rystallographi
 data.2CCDC 686074 
ontains the 
rystallographi
 data.3CCDC 914675 
ontains the 
rystallographi
 data.
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Fig. 3.5: Crystal stru
tures of forms I, II and III of 1for forms II and III. CH-� intera
tions are also present in the three forms and theo�set sta
ked mole
ules form a zig-zag pattern (Fig. 3.7).Tab. 3.2: Crystal data for the three polymorphs of 1, being M1 and M2 the two 
onformers inthe asymmetri
 unit (*Standard deviations have not been 
al
ulated sin
e distan
es are obtainedfrom Rietveld re�nement).Forms Spa
e Z (Z') d NH� � �O d 
entroids d CH��Group (�A) M1/M2 (�A) M1/M2 (�A)I C 2 4(1) 2.834(6) 2.838(6) 4.410 3.895II P
 4 (2) 2.844 2.900 / 2.837 2.839* 5.271 / 5.181 3.501 2.989III C 2/
 4 (1) 2.779(3) 2.779(3) 3.263 5.242The main di�eren
e among them is that the asymmetri
 unit of form II 
ontainsmore than one mole
ule (Z'=2). Polymorphs, and 
rystal stru
tures in general,where the number of mole
ules in the asymmetri
 unit is greater than 1 (Z' > 1) arerelatively rare and their o

urren
e is still the subje
t of debate, mostly regardingtheir thermodynami
 stability. [208{211℄ The two mole
ules in the asymmetri
 unitshow two di�erent 
onformations as a result of the aromati
 ring rotation (Fig. 3.6).Sin
e the asymmetri
 unit 
ontains two di�erent 
onformers, there are two typesof sta
king arrangements. On the one hand, for the �rst array of mole
ules, the
entroid-
entroid distan
e is 5.27 �A, the lateral displa
ement distan
e is 4.86 �A andthe interplanar distan
e is 2.05 �A, with an angle between rings of 37.77Æ. On theother hand, for the se
ond array of mole
ules, the 
entroid to 
entroid distan
e is5.18 �A, the perpendi
ular distan
e between the o�set sta
ked rings is 4.63 �A witha displa
ement angle of 43.80Æ and lateral displa
ement of 2.3 �A (Fig. 3.7).Cal
ulation of Hirshfeld surfa
es [212{214℄ and �ngerprint plots [215℄ is a usefulway to analyze the intermole
ular intera
tions in mole
ular 
rystals. The �ngerprint
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Fig. 3.6: Overlapped 
onformers in the asymmetri
 unit of form II of 1

Fig. 3.7: Zig-zag patterns of forms I, II and III of 1plots of the two di�erent 
onformers in the asymmetri
 unit show the same hydrogenbonding motif (red 
ir
les) but subtle di�eren
es of pa
king, denoting a similar
rystallographi
 environment for the two 
onformers (Fig. 3.8).

Fig. 3.8: Hirshfeld surfa
es (below) and �ngerprint plots (above) of both 
onformers of formII of 1, with de (left) and di (right) mapped in 
olour (in both 
ases red represents the 
losest
onta
ts, and blue the most distant 
onta
ts)It is important to noti
e the di�erent pa
king dire
tion of the squaramide
olumns when 
omparing the three polymorphs. Self-assembled 
hains of dise
-ondary squaramides 
an be oriented in three di�erent manners: parallel, antipa-



3.1 Polymorphism of disquaramides 27rallel, and unparallel alignments with impli
ations in the 
rystal polarity, whi
h
an produ
e Non-Linear Opti
al (NLO) materials, [216{219℄ interesting for the de-velopment of te
hnology
al devi
es. Sin
e the mole
ular dipole moment of 1 is high(8.15 Debbyes)4, the most likely alignment expe
ted is the antiparallel one, whi
hminimizes the net dipole moment in the 
rystal. [220{222℄ Whereas forms II and IIIshow an antiparallel alignment in the dire
tion of the head-to-tail alignment, formI exhibits an unparallel 
on�guration, with an angle of 144Æ between the dipole mo-ment ve
tors (Fig 3.9) whi
h 
ould present NLO properties. Ele
troni
 my
ros
opyexperiments were performed to 
on�rm NLO properties of form I, but no signi�
ant
on
lusions 
ould be extra
ted.

Fig. 3.9: Di�erent possible 
ombinations of dipole moment alignments; (a) antiparallel,(b) parallel and (
) unparallel, showing the angle between dipole moment ve
torsIn 
on
lusion, three forms of dibenzylsquaramide are reported, two of themsharing a solid-solid transition at the same temperature towards the highest meltingpolymorph, whi
h is a rare observation. The same hydrogen bonding head-to-tailmotif is observed in their 
rystal stru
tures and further insight investigations aredire
ted to other 
ompounds with additional donor-a

eptor fun
tional groups toreveal their 
rystal preferen
es.3.1.2 3,4-bis-(2-methylaminopyridyl)-1,2-dioxo-3-
y
lobutene(2)Compound 2 was prepared from diethylsquarate and 2-methylaminopyridine inethanol with high yield. An intensive polymorph s
reening resulted in two poly-morphs I and II 
on�rmed by PXRD analyses (Fig. 3.10).4Cal
ulated with Spartan'10 using a DFT B3LYP/6-31G* fun
tional
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Fig. 3.10: PXRD diagrams of forms I and II of 2DSC analysis of form I shows its melting at 166 ÆC together with a simultaneous
rystallization of form II. Finally, the subsequent melting of form II is observed at186 ÆC followed by its de
omposition (Fig. 3.11).

Fig. 3.11: DSC thermograms of forms I and II of 2Calorimetri
 data for 
rystal forms of 2 are summarized in table 3.3.Tab. 3.3: Calorimetri
 data for 
rystal forms of 2 (*enthalpies are not pre
ise due to overlappedthermal phenomena)Forms Melting CrystallizationOnset (ÆC) �H (J/g) Onset (ÆC) �H (J/g)I 166 >68* - -II 186 90 ~169 >37*Form I was obtained during the experimental polymorph s
reening as plateshaped 
rystals from 
rystallizations under di�erent 
onditions. However, form II
ould only be obtained by 
rystallization from the melt. Form I was heated at
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ru
ible under nitrogen atmosphere to obtain formII, whi
h remained stable when 
ooling to r.t. Therefore, it 
ould be 
hara
terizedby powder X-ray di�ra
tion (See appendix A.12).O

asionally, an endothermi
 solid-solid transition was observed by DSC (Fig. 3.12),starting from form I at low heating rate (1 ÆC/min), revealing an enantiotropi
 re-lationship between the two polymorphs, being form I the stable polymorph belowthe transition temperature (
a. 160 ÆC).

Fig. 3.12: DSC of form I of 2 showing the melting/
rystallization phenomena (red)and the o

asionally observed solid{solid transition from form I to II (blue)This thermal behaviour was 
orroborated qualitatively by thermomi
ros
opy.When heating form I, a partial solid-solid transition to form II was observed around168-169 ÆC. Simultaneously, the remaining form I melted and form II 
rystal-lized from the melt also at 169 ÆC. Finally, form II melted with de
omposition at190 ÆC (Fig. 3.13).

Fig. 3.13: Hot stage photomi
rographs of 2, showing the solid-state phase transitionfrom form I to form II together with melting and 
rystallization phenomena upon heatingat 10 ÆC/min
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ussionThe 
rystal stru
ture of form I5 was determined by single 
rystal XRD using a
rystal grown by slow di�usion of toluene into a solution of 2 in DMF at r.t. Sin
esingle 
rystals of form II suitable for single-
rystal XRD 
ould not be grown, its
rystal stru
ture determination was instead 
arried out dire
tly from PXRD data,exploiting the dire
t-spa
e strategy for stru
ture solution using EAGER software.6

Fig. 3.14: Crystal stru
tures and Hirshfeld surfa
es of forms I and II of 2The 
rystal stru
tures of both forms (Fig. 3.14) present a well-de�ned head-to-tail hydrogen bonding motif between squaramide units together with se
ondary��� sta
king as for 1. Aryl CH���N pyridine intera
tions are also observed. Crystaldata are shown in table 3.4.The dominant NH� � �O hydrogen bonding intera
tions that give rise to 
atemeri
assemblies are seen in the Hirshfeld surfa
e plots for both polymorphs (brightestred areas in �gure 3.14 (b)). However, the head-to-tail motif of form II is arranged5CCDC 805689 
ontains the 
rystallogrpahi
 data.6CCDC 826650 
ontains the 
rystallogrpahi
 data.



3.1 Polymorphism of disquaramides 31Tab. 3.4: Crystal data of forms I and II of 2 (*Standard deviations have not been 
al
ulatedsin
e distan
es are obtained from Rietveld re�nement)Forms Spa
e Z (Z') d NH� � �O d
entroids dCH-Npyridine (�A)Group (�A) (�A) (�A)I P
 2 (1) 2.834(8) 2.848(6) 3.851 2.578(5)II P-1 2 (1) 2.804 2.836* - 2.916*in antiparallel rows of self-asso
iated squaramide mole
ules whereas form I presentsparallel orientated head-to-tail rows. Di�erent se
ondary intera
tions are estab-lished in ea
h 
ase, 
orresponding to the stru
tural parti
ularities between the twopolymorphs. ��� sta
king intera
tions in form I are repla
ed by edge-to-fa
e CH-�intera
tions in form II. Furthermore, while the aromati
 groups are lo
ated on thesame side of the squari
 ring in form II, they are arranged in a zig-zag manner inform I (Fig. 3.14(a)).3.1.3 3,4-bis-(2-ethylaminopyridyl)-1,2-dioxo-3-
y
lobutene(3)Compound 3 was prepared from diethylsquarate and 2-ethylaminopyridine in ethanolwith high yield. An intensive polymorph s
reening resulted in four polymorphs(Fig. 3.15).Form I was obtained during the experimental polymorph s
reening in di�erent
onditions as a white powder or needle shaped 
rystals, suitable for single X-raydi�ra
tion analysis. Form II 
ould only be obtained by 
rystallization from the meltand forms III and IV were obtained from rapid 
ooling pre
ipitation of 3 in ethanoland water, respe
tively (See appendix A.12).DSC analysis of form I shows two endothermi
 phenomena apparently 
orre-sponding to the melting of di�erent polymorphs (Fig. 3.16). However, various alter-native hot stage mi
ros
opy analyses show a solid-solid transition at the same tem-perature as the �rst endothermi
 phenomenon registered by DSC (Fig. 3.17). Com-plementary low heating rate and heating-
ooling DSC experiments 
annot 
on�rmthe nature of the �rst endothermi
 phenomenon, sin
e no presen
e of any transitionis dete
ted and no separation of a possible overlaped melting/
rystallization pro
ess-es is observed. In a variable temperature PXRD experiment of form I (Fig. 3.18),peaks of form II are dete
ted at 198 ÆC and the subsequent melting of form II isobserved at 224 ÆC together with its de
omposition at 250ÆC. The DSC analysis of
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Fig. 3.15: PXRD diagrams of forms I, II, III and IV of 3
form III shows a melting and 
rystallization phenomenon at 168 ÆC and form IVmelts at 180 ÆC.

Fig. 3.16: DSC thermogram of form I, II, III, IV of 
ompound 3
Calorimetri
 data for 
rystal forms of 
ompound 3 are summarized in table 3.5.
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 data for 
rystal forms of 3Forms Thermal phenomenaOnset (ÆC) �H (J/g)I 198 69II 224 92III 168 22IV 180 39

Fig. 3.17: Hot stage photomi
rographs of 3, showing the solid-state phasetransition from form I to form II and the subsequent melting phenomenonupon heating at 10 ÆC/min

Fig. 3.18: Variable temperature PXRD analysis of form I showing the trans-formation into form II of 3
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ussionThe 
rystal stru
ture of form I is reported in the CCDC (ref
ode NIZXOK).Forms III and IV are metastable and no single 
rystals 
ould be obtained. Broadpowder di�ra
tion peaks and low 
rystallinity hindered the 
ell indexing attempts.Form II, however, 
ould only be obtained by hot treatment of form I and it presentsa good quality powder di�ra
togram. Although several attempts of indexing itspowder di�ra
togram were done, no reasonable solution was a
hieved.The 
rystal stru
ture of form I (Fig. 3.19) presents a well de�ned head-to-tailhydrogen bonding motif between squaramide units arranged in opposite dire
tions,together with se
ondary edge-to-fa
e CH-� intera
tions similar to those des
ribedfor form I of 2. Pyridine rings adopt a zig-zag 
onformation and aryl CH� � �Npyridine intera
tions are also observed. Crystal data are shown in table 3.6.

Fig. 3.19: Crystal stru
ture of form I of 3 (hydrogens not shown)Tab. 3.6: Crystal data for form I of 
ompound 3Form Spa
e Group Z (Z') d NH� � �O (�A) d CH-Npyridine (�A)I Pna21 4 (1) 1.795(4) 1.883(2) 2.701(5)
3.1.4 3,4-bis-(2-dimethylamino-ethylamino)-1,2-dioxo-3- 
y-
lobutene (4)Compound 4 was readily prepared from diethylsquarate and dimethylethylenedi-amine in ethanol with high yield. An intensive polymorph s
reening resulted inseveral polymorphs, not all obtained in pure form (Fig. 3.20).
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Fig. 3.20: Experimental PXRD diagrams of forms I + �, II and IV, and
al
ulated PXRD diagram of form III of 4Form I was obtained dire
tly from synthesis and other 
rystallizations withdi�erent solvents. Some e�orts to index its di�ra
togramwere unsu

esful, probablydue to either the 
ontamination with an unknown phase (�) or to a poor resolutiondi�ra
togram. Although further e�orts to purify the sample by re
rystallizationwere done, no su

ess was a
hieved and no identi�
ation of this unknown phase
ould be done.Form II was obtained pure from an experiment of 
o
rystallization of 4 withglutami
 a
id, in parti
ular, a re
rystallization in ethanol. Apart from studying thepolymorphism of squaramides, in this work, spe
ial attention has been made on de-signing 
o
rystals and analyzing their supramole
ular synthons using squaramidesas s
a�olds (See 
hapter 3.4). Several 
ases of new polymorphs obtained by indu
ed
rystallization with additives or using 
o
rystals as key intermediates are report-ed in the literature. [223, 224℄ Other attempts of 
o
rystallization of 4 with ureaand ni
otinamide in ethanol at r.t through rea
tion 
rystallization te
hnique haveresulted in form II impuri�ed by the 
oformer.Form III 
ould only be obtained from slow 
ooling re
rystallization in a
etonitrileas yellowish needles suitable for SXRD analysis. Finally, form IV has been onlydete
ted by DSC analysis from a solid-solid transition of forms I (+ �) and II(Fig. 3.21).DSC analysis of form I (+ �, whi
h is hypothesized), shows an endothermi
transition to form IV (m.p.=227 ÆC) on heating (
on�rmed by variable tempera-ture PXRD analysis), starting at about 45 ÆC with an enthalpy of 4 J/g. When
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Fig. 3.21: DSC thermogram of forms I (+ �), II and IIIa 
ooling-heating DSC analysis is performed, the transition appears at the sametemperature with a lower enthalpy (1.5 J/g), whi
h suggests the possibility of anin
omplete reversible transition (Fig. 3.22) 
on�rmed also by 
omplementary ther-momi
ros
opy analyses (Fig. 3.23). Form II presents an endothermi
 solid-solidphase transition into form IV, at 150ÆC with an enthalpy of 20 J/g, 
on�rmedby variable temperature PXRD analysis. The DSC analysis of form III shows asolid-solid transition at 44 ÆC with an enthalpy of 3 J/g.

Fig. 3.22: DSC thermogram of form I showing a reversibletransition into form IV of 4 on a heating-
ooling experi-ment
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Fig. 3.23: Hot stage photomi
rographs of 4, showing the reversible solid-solid phasetransition from form I to IV upon heating at 10 ÆC/min. (a) T=37ÆC on heating, (b)T=46ÆC on heating, (
) T=34ÆC on 
ooling, (d) T=28ÆC on 
oolingCalorimetri
 data for 
rystal forms of 
ompound 4 are summarized in table 3.7.Tab. 3.7: Calorimetri
 data for the 
rystal forms of 4Form Solid state transition MeltingOnset (ÆC) �H (J/g) Onset (ÆC) �H (J/g)I 45 4 - -II 128 20 - -III 44 3 - -IV - - 227 137In terms of this multipolymorphi
 system's thermodynami
 relationship, form I(+ �) would be enantiotropi
ally related to form IV. Solid samples of form III keptat r.t. tend to transform irreversibly into form I (+ �). Form II is enantiotropi
allyrelated to form IV, sin
e an endothermi
 solid-solid transition is observed by DSC.A s
heme of the polymorph transformations among the di�erent forms is shown in�gure 3.24.

Fig. 3.24: Polymorphi
 transformations of 
ompound 4Several 
rystallization attempts of form II did not result in a 
rystal with suitablequality for SXRD analysis, thus, its 
rystal stru
ture was solved by means of dire
tspa
e strategies. The 
rystal stru
ture of form III7 was determined by SXRD using7CCDC 1015652 
ontains the 
rystallogrpahi
 data.
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ussionneedles grown by slow evaporation of an a
etonitrile solution of 4 at r.t. The 
rystalstru
tures of both forms (Fig. 3.25 and Fig. 3.26) present the typi
al head-to-tailhydrogen bonding motif between squaramide units. The main di�eren
e betweenboth stru
tures is the orientation of the parallel squaramide alignments. Crystaldata are shown in table 3.8. Two 
ell indexing attempts of form IV obtained byvariable temperature PXRD analysis from form I (+ �) and form II, respe
tively,suggested C
 or C2/
 spa
e groups. Unfortunately no 
rystal stru
ture determina-tion has been possible in spite of big e�orts on obtaining high quality di�ra
togramsof form IV. The di�eren
es between 
ell parameters obtained, as well as the dif-ferent position of the peaks on the powder di�ra
togram, 
an be atributted to theanisotropi
 dilatation 
aused by the temperature di�eren
e. The use of syn
hrotronradiation together with further puri�
ation e�orts may be 
onsidered in order toget deeper insight in this multipolymorphi
 system.

Fig. 3.25: Crystal stru
tures of forms II of 4Tab. 3.8: Crystal data of 4 (*Standard deviations have not been
al
ulated sin
e distan
es are obtained from Rietveld re�nement)Form Spa
e Group Z (Z') distan
e NH� � �O (�A)II P21/
 4 (1) 1.975 1.988*III Fdd2 8 (1) 1.963(13) 1.963(13)After studing four model dise
ondary squaramides in the solid state, the exis-ten
e of a robust self asso
iating head-to-tail supramole
ular synthon is observed ineight 
rystal stru
tures solved of the thirteen forms identi�ed in total. They present
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Fig. 3.26: Crystal stru
tures of forms II III of 4an identi
al 
atemer motif in whi
h assemblies of squaramide units intera
t throughhydrogen bonding and it appears to be unbreakable. The following s
heme summa-rizes the main polymorphi
 information of the four studied 
ompounds (Fig. 3.27).
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Fig. 3.27: Summary of the polymorphi
 systems studied in this 
hapter



3.2 From solution to the 
rystal 413.2 From solution to the 
rystalIt is well known that the preferred stru
ture of mole
ular 
lusters in supersaturatedsolutions 
an sometimes resemble the mode of aggregation in the 
rystal stru
ture,suggesting a possible link between self-aggregation in solution and 
rystallizationpro
esses. [225, 226℄ In this se
tion, the stru
tural preferen
es of a spe
i�
 dis-e
ondary squaramide model 
ompound are analyzed in order to understand therelationship between the stru
tures of aggregates in solution and in the solid state.Se
ondary squaramides present two di�erent hydrogen bonding 
onformationsin solution that 
an a
t as double donor-a

eptor groups: the anti/anti and theanti/syn, both suitable to produ
e a R22(n) synthon with appropriate donor ora

eptor groups. (Fig. 3.28). [227℄

Fig. 3.28: Two diferent 
onformations of dise
ondary squaramidesSin
e dibenzylsquaramide (1) and, in general, dise
ondary squaramides areinsoluble in apolar organi
 solvents due to a strong self asso
iation, 3,4-bis-(2-methylaminopyridyl)-1,2-dioxo-3-
y
lobutene (2) was 
hosen as a model 
ompound,be
ause it is soluble in organi
 solvents of low polarity, with the obje
tive to studythe intera
tions of squaramides in solution prior to 
rystallization. The fa
t that 2is soluble in 
hloroform and other organi
 solvents allows a broad range of 
rystal-lization 
onditions to be studied.Initially, 2 was analyzed by 1H-NMR and its spe
trum in CDCl3 at low tempe-rature presents three sets of N-H signals, suggesting that 2 is present as a mixtureof two di�erent 
onformers, one symmetri
 and one asymmetri
, sin
e the C-Namidi
bond rotation is frozen (Fig. 3.29). [228℄
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Fig. 3.29: Conformational equilibrium and 1H-NMR spe
trum of 2 in CDCl3at 240 K, 260 K and 290 KThe three sets of signals (Ha, Hb, H
), 
orresponding to three di�erent environ-ments of the amidi
 hydrogens, are assigned to the anti/anti (Fig. 3.31, 2
) andanti/syn (Fig. 3.31, 2a or 2b) dimers on the basis of 2D 1H-NMR COSY dilutionexperiments (Fig. 3.30).8 The shift observed for the amide protons Ha and Hb (in-variability of Ha and large up�eld shift of Hb) upon dilution (dimer destru
tion)gives a strong indi
ation that 2b is the preferred dimer for the asymmetri
 
on-formation (Fig. 3.30). All possible forms of 2 in solution are related through thisproposed thermodynami
 
y
le (Fig. 3.31).The observed 1H-NMR shifts for Ha, Hb and H
 together with the 
on
entrationand integration values allow the equilibrium 
onstants to be estimated (KCM =2:5; KCD = 0:56; KDab = 8600M�1; KD
 = 790M�1).9The results indi
ate that, on in
reasing 
on
entration at 240 K, the preferredself-asso
iated form of 2 is 2b. Thus, under 
ir
umstan
es in whi
h the mode ofsolution-state aggregation is translated into the 
rystal stru
ture, it is dedu
iblethat 
rystals obtained from a supersaturated solution of 2 would 
ontain the 2b8Experiments were run on a Bruker DMX500 instrument equipped with an indire
t 1H�13Cdete
tion probe with gradients along the z axis. A standard sequen
e from Bruker software wasused for COSY experiments (
osygpqf); a total of 128 in
rements, 4 s
ans ea
h, were 
olle
ted.9The 
onformational equilibrium 
onstant of the monomer KCM was 
al
ulated as the ratioof the relevant integrals at the lowest 
on
entration, for whi
h > 95% of 2 is monomeri
. Dimer-ization 
onstants were 
al
ulated from the variation in 
hemi
al shifts with 
on
entration usingthe program NMRDil Dimer. [229℄ The 
onformational equilibrium 
onstant of the dimer KCDwas 
al
ulated from the other three 
onstants: KCD = (KCM)2KD
=KDab.
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Fig. 3.30: 2D 1H-NMR COSY at 240 K of 2 upon dilution

Fig. 3.31: Proposed thermodynami
 
y
le for dimerization of 2motif. In 
ontrast with the polymorph s
reening 
arried out, under a broad set ofexperimental 
rystallization 
onditions, 
atemeri
 
lusters of 2 
rystallize into twodi�erent polymorphs with the same head-to-tail motif (based on 2
), with no evi-den
e for any other polymorph with the dimeri
 motif (2b or 2a) (Chapter 3.1.4).This observation suggests that, although both dimeri
 and 
atemeri
 modes of in-tera
tion are signi�
ant in low polarity solvents su
h as 
hloroform, the formationof 
lusters with the 
atemeri
 motif is only favored due to a possible hydrogenbonding 
ooperativity. [230℄ A

ording to the polymorph s
reening 
ondu
ted with
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ompounds 1, 2, 3 and 4, these 
urrent results may be extrapolated to all dis-e
ondary squaramides (on the assumption that other fa
tors do not signi�
antlyin
uen
e the 
rystal stru
ture, su
h as the presen
e of more strongly 
ompetitivehydrogen bonding groups). Taking into a

ount these �ndings in solution, the 
oop-erativity phenomenon and its relation to the head-to-tail 
onformation preferen
e ofthese 
ompounds in the solid state was further studied taking dimethylsquaramide(5) as the simplest model 
ompound.3.2.1 CooperativityCooperativity of weak intera
tions plays a 
ru
ial role in mole
ular re
ognition andself-assembly events. A good understanding of 
ooperativity is therefore essentialfor obtaining insights into the behavior of both biomole
ular systems and syntheti
materials. However, while it is often easy to identify 
ooperativity at work, it is morediÆ
ult to predi
t how it may in
uen
e the behavior of a parti
ular system. [230,231℄ In the simplest 
ase, when a hydrogen bond is formed between two mole
ules ofwater, the redistribution of ele
tron density 
hanges the ability for further hydrogenbonding. The mole
ule of water donating the hydrogen atom has in
reased ele
trondensity on its 'lone pair' region, [232℄ whi
h en
ourages hydrogen bond a

eptan
e,whereas the a

epting water mole
ule has redu
ed ele
tron density 
entered onits hydrogen atoms and its remaining 'lone pair' region, whi
h en
ourages furtherdonation, on the one hand, and dis
ourages further a

eptan
e of hydrogen bonds,on the other hand (Fig. 3.32).
Fig. 3.32: Cooperativity in water mole
ulesThis ele
tron density redistribution, thus, results in 
ooperativity. In 
ases forwhi
h hydrogen bonding is the primary intermole
ular intera
tion in the solid state,
ooperativity in the form of mutual hydrogen bond reinfor
ement within a hydro-gen bonded 
hain 
an play a major role in the supramole
ular synthon observed inthe 
rystal. Pri
e has demonstrated [233℄ that the indu
tion energy 
ontributionto the latti
e energy of organi
 
ompounds is signi�
ant, parti
ularly for mole
ules
ontaining hydrogen bonding groups su
h as 
arbamazepine; moreover, there is
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rystal 45eviden
e that su
h indu
tion e�e
ts are important even in 
rystals of nonpolar
ompounds. It has also been shown in sili
o that hydrogen bonded amide 
hainsexhibit a high degree of 
ooperativity, [234℄ whi
h arises from the reinfor
ement ofindividual hydrogen bonds through the mutual polarization of a

eptors and donorsalong the assembly. Su
h 
ooperative intera
tions are signi�
ant in the solid statebut are se
ondary in the liquid or gas phases be
ause the mole
ules are separatedtoo far to intera
t in a 
ooperative way and the dynami
s of the mole
ules also lim-it the e�e
t. [235℄ Cooperativity is important when self-
omplementary mole
ulesassemble into one-dimensional stru
tures by non 
ovalent intera
tions due to po-larization (indu
tion) of intera
ting groups. [230℄ This phenomenon has been pre-viously HF, DFT and MP2 studied by Dannenberg et al. with urea and formamide(Fig. 3.33). [234, 236℄
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(b)Fig. 3.33: Cooperativity in (a) Urea and (b) Formamide hydrogen bonding patterns [235℄In this 
hapter we explore 
ooperativity as the driving for
e in disquaramides,whi
h produ
es 
hains in an anti/anti strong self-asso
iating head-to-tail motif inthe solid state, in spite of the fa
t that other 
onformations are observed in solution.First, this �nding is theoreti
ally rationalized and then experimentally 
on�rmed.Thus, dimethylsquaramide (5) (Fig. 3.34 (a)) was 
hosen as the simplest model tostudy the 
onformational preferen
e in the solid state, be
ause of the fa
t that norelevant se
ondary intera
tions with other groups are possible. Due to the partialrotation of the C-Namidi
 squaramide bond, two di�erent polymeri
 stru
tures 
ana priori 
rystallize: 
hains or ribbons (Fig. 3.34 (b)). In order to predi
t whi
hsynthon is the most stable, the approa
h proposed by Hunter [138℄ to the analysisof hydrogen bonding intera
tions was applied.
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Fig. 3.34: (a) S
heme of 5 (b) Chain and ribbon intera
tion motifs for 53.2.1.1 Quantifying intermole
ular intera
tions: Hunter's approa
hDi�erent approa
hes have been histori
ally used to understand and predi
t the 
oreentity that de�nes the stru
ture of a parti
ular mole
ular 
rystal: Gavezzotti pro-posed a model based on spa
e group information whi
h redu
es the stru
ture tosmall mole
ular 
lusters and 
al
ulates latti
e energies, [237℄ the pioneering modelby Etter is based on strong hydrogen bonding as the driving for
e in the formationof a mole
ular 
rystal, [107℄ and the supramole
ular synthons model is based onfun
tional groups 
omplementarity (already des
ribed in the introdu
tion of thisthesis). [126℄ More re
ently, Hunter proposed a method to quantify intermole
u-lar intera
tions through the estimation of relative hydrogen bond donor/a

eptorparameters of most typi
al fun
tional groups. [138, 238{242℄Hunter's approa
h is based on the analysis of experimental data on the thermo-dynami
s of hydrogen bonding intera
tions in 
arbon tetra
hloride and its 
orrela-tion to the MEP of a wide range of fun
tional groups. It allows estimation of thefree energy of formation of a single hydrogen bond 
onta
t based on the 
al
ulatedgas phase mole
ular ele
trostati
 potential (MEP) surfa
es of any fun
tional group.There have been signi�
ant su

ess in using this approa
h for predi
ting bindingfree energies of mole
ular 
omplexes and formation of 
o
rystals. [137,139,243,244℄This theoreti
al model 
onsiders only the ele
trostati
 intera
tions between thepermanent 
harge distributions of two mole
ules that intera
t in the gas phase todes
ribe the 
omplex formation. Other 
omponents of intermole
ular intera
tionssu
h as repulsion between the ele
tron densities at 
lose distan
es, indu
tion anddispersion intera
tions between indu
ed dipoles are 
onsidered negligible or 
on-stant.Pioneering Abraham's work on experimental binding 
onstants in 
arbon tetra-
hloride allowed the dedu
tion of hydrogen bonding parameters (�H2 and �H2 ) formany fun
tional groups. Their relation to the binding 
onstant is establish fromthe following equation: [245℄
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rystal 47logK = 
1 � �H2 � �H2 + 
2 (3.1)where 
1 and 
2 are 
onstants that depend on the solvent and �H2 and �H2are fun
tional group 
onstants related to the hydrogen bond donor and a

eptorproperties of the mole
ules, respe
tively.Hunter demonstrated that these experimental hydrogen bonding parametersstrongly 
orrelate with the maximum and minimum of the MEPs and, thus, anyintermole
ular intera
tion 
an be analysed like a form of hydrogen bonding, withsome ex
eptions su
h as aromati
 sta
king. [245℄ Intermole
ular intera
tion betweentwo mole
ules will take pla
e between the maximum in the ele
trostati
 potentialon the Van der Waals surfa
e, whi
h is usually lo
ated near a hydrogen atom, andthe minimum, usually lo
ated over a lone pair or an area of �-ele
tron density(Fig. 3.35).

Fig. 3.35: MEP plotted on the Van der Waals surfa
e of the squari
 a
id
al
ulated by using DFT method and a positive point 
harge. Positive regionsare blue, negative regions red and neutral regions green. [138℄However, there are spe
i�
 
ompounds, like 
arbon tetra
hloride, whi
h have nohydrogen bond donors and their MEP surfa
es are strongly positive due to with-drawing ele
tron e�e
ts of neighbouring atoms and the di�usion of these ele
trons.A linear 
orrelation between maxima and minima in the MEP surfa
es and theexperimentally determined values of �H2 and �H2 parameters of various fun
tionalgroups [245℄ have been found in 
arbon tetra
hloride and a mathemati
 res
alingis applied to extrapolate the values to any solvent or the solid state. Thus, � and� parameters 
an be 
al
ulated from the resulting equations 3.2 and 3.3, using these
ond equivalen
e of the equations when experimental values of �H2 and �H2 areavailable, or using the �rst equivalen
e when experimental data are not availablebut 
al
ulated AM1 mole
ular ele
trostati
 potential surfa
e (MEPS) is needed.� = Emax=52kJmol�1 = 4:1(�H2 + 0:33) (3.2)
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ussion� = Emin=52kJmol�1 = 10:3(�H2 + 0:06) (3.3)An improvement of the hydrogen bonding parameters has been re
ently reportedby Hunter based on the use of DFT 
al
ulations. [238℄In this approa
h, only neutral mole
ules have been studied sin
e experimentalvalues of � and � of salts have not been determined due to the low solubilityof these substan
es in 
arbon tetra
hloride and other fa
tors su
h as 
ounterionasso
iation. [246℄In this study, the MEPS of 
ompound 5, was obtained in the gas phase us-ing ab initio 
al
ulations and 
onverted into the 
orresponding hydrogen bonddonor/a

eptor parameters � and �.10In prin
iple, 5 
an exist in three 
onformations as a result of the rotation of bothC-N bonds: anti/anti, anti/syn and syn/syn. However, only anti/anti and syn/syn
onformations would yield 
atemeri
 stru
tures due to 
ooperativity e�e
ts so theexisten
e of 
rystals with the anti/syn 
onformation 
an be 
onsidered unlikely. Thehydrogen bond parameters obtained for the three possible 
onformers show thatthe anti/anti 
onformation would produ
e the strongest intermole
ular intera
tion(Fig. 3.36). Assuming that dispersion and pa
king e�e
ts 
ould be similar for all thepossible polymorphs, 
rystal stru
tures of disquaramides should prefer this synthon,as it has been experimentally proven with the results of the previous polymorphs
reenings.The individual intera
tion of ea
h parti
ular synthon 
an be estimated as thesum over both NH� � �OC 
onta
ts with equation (3.6), [225℄ where �i are the hy-drogen bond donor parameters, �i are the hydrogen bond a

eptor parameters andthe sum represents the sum over both intera
tions.4E = � nXi �i�i (3.6)Density fun
tional theory (DFT) 
al
ulations were also performed on hydrogenbonded anti/anti and syn/syn dimers in order to 
ompare with the intera
tion pair-10� and � parameters have been 
al
ulated by using the following equations extra
ted fromreferen
e: [137,247℄ � = 0:0000162�Emax �Emax +Emax � 0:00962 (3.4)� = 0:0000146�Emin �Emin �Emin � 0:00930 (3.5)
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Fig. 3.36: Hydrogen bond parameters for the three 
onformations of 5ing energy 11 and 
ounterpoise 
orre
tions for basis set superposition error (BSSE)were used for the 
al
ulation of the intera
tion energy (Tab. 3.9 (a)). [248℄ Inter-estingly, the relative DFT intera
tion energies (56 kJ/mol for the anti/anti versus73 kJ/mol for the syn/syn) are opposite to those estimated through equation 3.6(79 kJ/mol for the anti/anti versus 52 kJ/mol for the syn/syn). However, this 
anbe explained in terms of a mutual indu
tion e�e
t that makes the se
ond hydrogenbond stronger in the syn/syn dimer and weaker in the anti/anti dimer (Fig. 3.37).
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Fig. 3.37: Indu
tion e�e
ts favouring and disfavouring the se
ond hydrogen bondThis e�e
t was roughly simulated by 
al
ulating the hydrogen bond parametersof dimers with only one hydrogen bonding intera
tion. Geometries of the monomerswere minimized independently and then positioned in su
h a way that only one in-tera
tion is possible and with a distan
e between the NH proton and the 
arbonyli
oxygen �xed at 2.0 �A. In this simulation, on
e the �rst intera
tion is established,the remaining free NH and CO groups 
an intera
t and then a rough estimation ofthe intera
tion energy 
an be done using equation (3.6) (Fig. 3.38). Thus, the inter-a
tion energies for the anti/anti and the syn/syn dimers are -59.2 and -80.2 kJ/molrespe
tively (Tab. 3.9 
). These values are 
loser to those from DFT 
al
ulations11Geometries were optimized at the B3LYP 6-31G* level of 
al
ulation. The intera
tion energieswere 
al
ulated at the B3LYP 6-31+G* level of theory.
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ussionand strongly support our hypothesis (Tab. 3.9).

Fig. 3.38: MEP surfa
es and hydrogen bond parameters after the �rst inter-a
tion of anti/anti and syn/syn 
onformersTab. 3.9: Intera
tion energies 
al
ulated by (a) DFT, (b) using equation 3.6and hydrogen bond parameters for non 
ooperative dimers and (
) for 
oop-erative dimers of 5Synthon Intera
tion Energy (kJ/mol)a b 
anti/anti -56.0 -78.7 -59.2syn/syn -73.1 -51.6 -80.2This e�e
t, however, is 
ompensated as monomers are added to the 
hain. Inter-a
tion energies of the terminal monomer are represented in �gure 3.39 as a fun
tionof the number of mole
ules in the 
hain/ribbon aggregate for 5.12 As the aggregategrows, the intera
tion energy in
reases in the anti 
onformation while it remainspra
ti
ally 
onstant in the syn 
onformation. Again a 
ooperative indu
tion e�e
texplains this phenomenon: on
e the monomer is linked to the anti/anti aggregatean ele
troni
 polarization takes pla
e, whi
h reinfor
es the intera
tion with subse-quent monomers. Hydrogen bonds in
rease in strength due to this redistributionof the ele
tron density along the 
hain. [249℄ Dipolar moment re
e
ts this e�e
t: itin
reases as monomers are added to the anti/anti aggregate but it is 
onstant orzero in odd or even number of units respe
tively in the syn/syn aggregate. However,in the syn/syn aggregate there is neither polarization nor in
reased intera
tion asmonomers are added. This suggests an explanation for why dialkyl squaramides,in abs
en
e of potential additional intera
ting fun
tional groups, exhibit only theanti/anti supramole
ular synthon.12Geometries for the syn/syn aggregates were optimized by DFT (6-31G*) methods while thosefor the anti/anti aggregates were taken dire
tly from the 
rystal stru
ture of 5.
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Fig. 3.39: Intera
tion energies of the terminal monomer (anti/anti: blue;syn/syn: red) 
al
ulated at the DFT B3LYP 6� 31+G� level of theory usingSpartan'10 software [247℄In order to validate this hypothesis, a polymorph s
reening was run with 5(see appendix A.12), yielding in all 
ases the same polymorph with the predi
tedanti/anti 
atemeri
 stru
ture (Fig. 3.40).

Fig. 3.40: Crystal stru
ture of 
ompound 5On
e dimethylsquaramide was studied as the simplest model, Hunter's approa
hwas applied to 
ompound 2 the previously studied in solution. Cal
ulated � and �parameters for 2 suggest that 2b and 2
 are preferred over 2a in agreement with theNMR results, and that 2
 appears to be slightly more favorable than 2b (Fig. 3.41).This result is in agreement with the 
rystal stru
ture grown at r.t. while at 240 Kthe NMR experiments show 2b is preferred over 2
. This di�eren
e in behaviouris attributed to the more important 
ontribution of the intramole
ular hydrogenbonds at 240 K, whi
h tips the balan
e in favour of 2b at low temperature.Sin
e no syn/syn 
onformation was observed in any of the mentioned 
ompound-s, a 
ovalently for
ed 
y
li
 disquaramide 6 was designed to study the geometri
al
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Fig. 3.41: Aggregation s
heme of 2 a

ording to Hunter's approa
hfeatures of the 
atemeri
 stru
tures with su
h 
on�guration (Fig. 3.42, (a)). It wasobtained from diethyl squarate and 1,2-diaminoethane in ethanol. In its 
rystalstru
ture, the expe
ted NH� � �OC hydrogen bonding is established between two ad-ja
ent mole
ules forming ribbons with the squaramide rings pra
ti
ally in the sameplane (Fig. 3.42, (b)).

Fig. 3.42: (a) S
heme of 6 (b) Crystal stru
ture and Hirshfeld's surfa
e of 6in whi
h side intera
tions in red are shownCompetitive intera
tions su
h as �� � sta
king do not a�e
t the anti/anti 
on-formation observed in previous disquaramides (1, 2 and 3). In order to 
he
k theirin
uen
e over the a priori less strong syn/syn motif, another ma
ro
y
li
 
ompound
ontaining an aromati
 group was designed (7, Fig. 3.43, (a)). It was obtained in athree-step syntheti
 route from a 
ondensation of 2�aminomethylbenzylamine withdiethyl squarate in ethanol. Needles were grown in the rea
tion 
rude and 7 was
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rystal 53solved by single 
rystal XRD. Again, the expe
ted NH� � �OC hydrogen bonding isestablished between two adja
ent mole
ules forming ribbons, whi
h are 
onne
tedthrough additional CO� � �Haromati
 and � � � sta
king intera
tions (Fig. 3.43, (b)).

Fig. 3.43: (a) S
heme of 7 (b) Crystal stru
ture and Hirshfeld's surfa
e of
ompound 7 in whi
h side intera
tions in red are shown
The observed lateral o�set sta
k is parallely orientated with a 
entroid to 
en-troid distan
e d(� � �) of 4.31 �A, interplanar distan
e of 3.55 �A and a lateraldispla
ement of 2.44 �A. However, squaramide rings are not 
oplanar as in the 
aseof 
ompound 6 (interplane distan
e of 1.16 �A), but they form a zig-zag arrange-ment whi
h suggests that the 
ompetitive � � � aromati
 intera
tions 
an disruptthe formation of an optimal planar hydrogen bond. This phenomenon, whi
h hasnot been observed in any of the polymorphs of dibenzylsquaramide (1), suggeststhat the 
ooperativity stabilization in the anti/anti aggregates over
omes possibledisrupting se
ondary intera
tions while the non 
ooperative syn/syn synthon is lessresistant to their presen
e.On
e the syn/syn 
onformation was observed in 
ovalently for
ed disquaramideswe aimed to explore if it 
ould be observed in monosquaramide esters in the solid s-tate through the design of a simple 
ompound able to form strong dimers (Fig. 3.44).Thus, the monosquaramide 8 was prepared from diethylsquarate and methylaminein diethyl ether. Only one polymorph was obtained from a polymorph s
reening(appendix A.12), and its 
rystal stru
ture reveals dimeri
 aggregates of syn 
on-formers. The strong self-
omplementary squaramide/squaramide dimer is linked tothe following one in the 
rystal through weaker CO� � �Hethyl intera
tions (Fig. 3.45).
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Fig. 3.44: Possible supramole
ular synthons for 
ompound 8

Fig. 3.45: Dimeri
 aggregates observed in the 
rystal stru
ture of 8 togetherwith the Hirshfeld's surfa
esThis suggests that, in absen
e of 
ompetitive donor/a

eptor groups, dimersmight be more stable than 
hains in monosquaramide esters probably due to thediÆ
ulty to align eÆ
iently monomers in a head-to-tail manner without losing theadvantage of linear 
ooperativity. In this sense, another model 
ompound (9) wasdesigned 
ontaining an additional pyridine group in order to explore how 
ompet-itive groups 
ould a�e
t the R2210 synthon observed for the very �rst time in thisfamily of 
ompounds. 13 For this reason, � and � parameters were 
al
ulated inthis 
ase, in order to 
ompare them with the experimental results (Fig. 3.46, (a)).The presen
e of a good hydrogen bond a

eptor Npyridini
 might favor the formationof a dimeri
 syn motif di�erent from the synthon observed for 
ompound 8.Experimentally, 
ompound 9 was prepared from diethylsquarate and 2-(amino-ethyl)pyridine in diethyl ether. A non 
omprenhensive polymorph s
reening was13A survey at the CCDC shows di�erent supramole
ular synthons: ACULEP, ACULIT, AC-ULIT01, CAQRUH, ETIVIM, IXUVAY, JINRAA, MEGNAO, NEMMEX, SIXFIP.
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rystal 55
ondu
ted and only one solid form was obtained (Appendix A.12). The single 
rys-tal stru
ture was solved by SXRD and it 
on�rms the predi
tion that the presen
eof a good 
ompetitive fun
tional group su
h as pyridine alters the supramole
u-lar synthon, but the 
onformer syn remains. (Fig. 3.46, (b)). The presen
e of anethoxy moiety redu
es the ele
tron density around the 
arbonyl oxygen, and as aresult it favors the formation of the dimer through the hydrogen bonding betweenthe pyridil nitrogen and the amidi
 hydrogen.

Fig. 3.46: (a) � and � parameters of 9 (b) Dimers in the 
rystal stru
ture of 9
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o
rystals design 573.3 Crystal engineering: 
o
rystals design
Next step of this work was to design new materials on the basis of the adquiredsolid state knowledge of squari
 a
id derivatives. As it has been shown in the pre-vious se
tions, all attempts to 
rystallize di�erent forms of disquaramides resultedinto the existen
e of only a robust anti/anti 
onformational head-to-tail stru
turalmode, unless being the mole
ule itself 
ovalently modi�ed. Thus, a �rst attemptwas to design 
o
rystals between disquaramides and strong donor/a

eptor 
om-plementary fun
tional groups, su
h as phenols and 
arboxyli
 a
ids, appropriate forthe anti/anti and syn/syn 
onformers, respe
tively (Fig. 3.47).

Fig. 3.47: S
heme of possible supramole
ular synthons with both donor and a

eptor 
oformers
Although resor
inol and 
arboxyli
 a
ids looked optimal from a geometri
alpoint of view, 
al
ulations suggested that 
o
rystals were not expe
ted to be ob-tained in the 
ase of simple 
ompounds su
h as 5 and 7, be
ause the predi
tedintera
tion energies (from equation (3.6)) of these heterosynthons were lower thanthat of the squaramidi
 homosynthon (Fig. 3.48).
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Fig. 3.48: Predi
ted intera
tion energies of heterosynthons and homosyn-thons for anti/anti and syn/syn 
onformations of 5 and 7, respe
tively.
To 
orroborate this predi
tion with 
arboxyli
 a
ids and resor
inol, and to ex-tend it to other good donor or a

eptor groups, an experimental 
o
rystal s
reeningwith 5 and 7 and a set of di�erent 
oformers was 
ondu
ted (See appendix B.8)and did not produ
e any new 
o
rystal phase (Fig. 3.49).14These �ndings demonstrate again that the self assembly of squaramide rings isa very strong binding motif, diÆ
ult to be perturbed by other 
ompeting fun
tionalgroups in the solid state.For this reason, two new 
rystal engineering strategies were designed. The �rststrategy was to impede the head-to-tail motif via intramole
ular intera
tions and
hoose 
omplementary 
oformers taking into a

ount the Hunter's approa
h (Fig.3.50 (a)). [250℄ The se
ond strategy 
onsisted in taking advantage of su
h a ro-bust synthon by designing new 
rystalline materials with 
omplementary 
oformersthrough the squaramide fun
tionalized se
ondary 
hains via peripheral intera
tions(Fig. 3.50 (b) and (
)). [251℄14Eviden
es of a new phase were identi�ed from a 
o
rystallization experiment with 7 andphosphori
 a
id. However not enough 
hara
terization analyses 
ould be done to 
on�rm thepresen
e of a 
o
rystal phase.16� and � values extra
ted from [138℄.
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Fig. 3.49: Coformers used in the 
o
rystal s
reening of 
ompounds 5 and 716

Fig. 3.50: S
heme of 
o
rystal design: (a) via intramole
ular hydrogen{bonding and(b, 
) via peripheral intera
tions3.3.1 First strategy: preorganizationIt is well known that the presen
e of 
ompeting hydrogen bond donor/a

eptorsin the same mole
ule 
an a�e
t the resulting synthons in the 
rystal. However,in the 
ase of the disquaramides studied in this work (2, 3 and 4) the head-to-tail motif remains invariable. For this reason, we de
ided to study the e�e
t of
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ussionan intramole
ular intera
tion by introdu
ing an extra hydrogen bond a

eptor in asquaramide derivative model 
ompound with the obje
tive to modify the preferred
ooperative self-asso
iating intera
tion and to generate new synthons. To a
hievethis goal two new target 
ompounds (10 and 11) were designed (Fig. 3.51).

Fig. 3.51: S
heme of 10 and 11The bis squaramide-ester model 
ompound 10 was prepared from diethylsquarateand 1,4-bis(3-aminopropyl)piperazine in diethyl ether. This amine has been pre-viously used as a spa
er in ditopi
 thioureas. Piperazine nitrogen establishes in-tramole
ular intera
tions with thiourea NH protons in the solid state, indu
ing theformation of "spiral galaxy" motifs with syn/syn polymerization synthons. [250℄On the other hand, 
ompound 11 was obtained from the addition of butylamine toa solution of 10 in ethanol, as a very insoluble white solid. A limited polymorphs
reening was 
ondu
ted sin
e only DMF, DMSO (at very high temperature), tri-
uoroethanol and a
eti
 a
id 
ould be used for re
rystallization and only one formwas obtained (see appendix A.12). Unfortunately, although several e�orts weremade to determine its 
rystal stru
ture from PXRD by dire
t spa
e methods, nosatisfa
tory results were obtained. The presen
e of four amidi
 NH protons mightbe responsible for a strong self-assembling diÆ
ult to be perturbed, similar to thepreviously one seen during this work for other squaramides.Although squaramides are strong hydrogen bonding donor/a

eptors, mono-squaramide esters are not so previsible and other synthons have been observed(3.2.1.1). In prin
iple, four di�erent supramole
ular synthons for 11 in the solidstate were expe
ted: the anti/anti 
on�guration 
an produ
e two synthons, thehead-to-tail polymer and the intramole
ular monomer (Fig. 6.11 (a) and (b)), whilethe syn/syn 
on�guration 
an produ
e the ribbon synthon and another intramole
-ular monomer (Fig. 6.11 (d) and (
)).
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Fig. 3.52: Expe
ted supramole
ular synthons for 10 together with their
orresponding graph sets
In order to study whi
h synthons are formed, a polymorphism s
reening was
ondu
ted and three forms were obtained: two anhydrous forms and one hydrate.Form I was obtained pure by pre
ipitation from the synthesis pro
ess of 10 andform II 
ould only be obtained pure by heating polymorph I until 160ÆC and then
ooling down to r.t. (Fig. 3.53). Solvent mediated transformation experiments atdi�erent temperatures, in whi
h a mixture of forms I and II evolved to pure formII at all temperatures below the melting point of form I, 
on�rmed that both formsare monotropi
ally related, being form II the most stable. The hydrate form (formIII) was obtained from the solubility study by slow 
ooling 
rystallization in waterfrom 90 ÆC to r.t.
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Fig. 3.53: PXRD diagrams of forms I, II and III. Form II was obtainedfrom variable temperature experiments starting from form I (also shown inthis �gure)The thermogram of polymorph I, registered at 10ÆC/min, shows an exother-mi
 phenomenon at 135ÆC whi
h was initially assigned to a solid-solid transition(Fig. 3.54), but a more a

urate analysis with modulated DSC revealed overlappedmelting and 
rystallization pro
esses. Finally, the melting of form II is registeredat 180ÆC. The thermogram of form III shows a wide endothermi
 double peak
orresponding to water loss and overlapped melting-
rystallization phenomena at160ÆC (see appendix C.2.19).

Fig. 3.54: Modulated DSC experiment of form I heating from 30ÆC to220ÆC at 0.5ÆC/min under nitrogen atmosphereSin
e no good quality single 
rystals of any of the forms 
ould be obtained,their 
rystal stru
tures were determined from X-ray powder di�ra
tion data bymeans of dire
t spa
e methods (Fig. 3.55). However, no 
rystal stru
ture 
ould be
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o
rystals design 63determined for the hydrate form. A

ording to the thermogravimetri
 analysis, inwhi
h a weight loss of 18% was registered, the hydrate would 
ontain six mole
ulesof water in its stru
ture (see appendix C.2.19).

Fig. 3.55: Crystal stru
tures of forms I and II showing intermole
ular and intramole
ular hy-drogen bondingForm I17 presents a six-membered ring formed through intramole
ular hydrogenbonds, roughly perpendi
ular to the plane de�ned by the piperazine ring. Stronghydrogen bonds between the amidi
 NH and the piperazine nitrogen [N{H� � �N2.843(8) �A℄ make the mole
ule shrink in a symmetri
 way. The parallel layers ofmole
ules are stabilized through � � � sta
king intera
tions (d
entroids 3.851 �A) ofthe 
y
lobutene rings and weak hydrogen bonds between the 
arbonyl oxygens andthe piperazine hydrogens. A similar hydrogen bonding pattern has been report-ed in the "spiral galaxy" bis{thiourea derivatives from N,N'-bis(3-aminopropyl)-piperazine whi
h proved to be very strong. [250℄ However, in the present 
ase, thissynthon 
orresponds to the metastable form. Form II18, instead, appears relativelystrain-free, showing a head-to-tail hydrogen bonding motif similar to those alreadydes
ribed in some other ester amides of squari
 a
id. [252℄ The 
y
lobutene ringsintera
t via ��� sta
king, where the interplanar and 
entroid to 
entroid distan
esare 3.844 and 3.554 �A, respe
tively. In both 
ases, the piperazine rings adopt a
hair 
onformation.Intera
tion energy 
al
ulations of the aggregates resulting from the addition ofdi�erent monomers for the head-to-tail synthon were performed at the DFT levelof theory and 
ompared with the syn/syn ribbon synthon. A model 
orrespond-ing to the hydrogen bonding unit for ea
h oligomer was extra
ted from the 
rystalstru
ture, and the intera
tion energy was 
al
ulated (without further geometryoptimization) using the 
ounterpoise 
orre
tion for basis set superposition error(BSSE). The extrapolation to a high number of monomers gives roughly an intera
-tion energy of 33 kJ/mol per hydrogen bond, very similar to the 35 kJ/mol for the17CCDC 883949 
ontains the 
rystallographi
 data.18CCDC 883948 
ontains the 
rystallographi
 data.
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ussionsyn/syn dimer (69 kJ/mol for two hydrogen bonds) (Fig. 3.56). The 
ooperativityof hydrogen bonding in the 
atemeri
 monosquaramide ester is again responsiblefor the stabilization of this 
onformer. In this sense, an experimental polymorphs
reening was 
ondu
ted and, although �nding eviden
es of polymorphism, no sol-id forms showing the syn/syn ribbon synthon were obtained despite the fa
t thatit was expe
ted from both geometri
ally and energeti
ally points of view. Onlythe predi
ted (a) and (
) supramole
ular synthons (Fig. 6.11) were experimentallyobtained.

Fig. 3.56: DFT intera
tion energies for the anti and syn oligomersOn
e it was 
on�rmed that the intramole
ular hydrogen bond is established inone of the polymorphs, we de
ided to use this preorganization e�e
t to drive theformation of 
o
rystals with double hydrogen bond donor 
oformers. In order tostudy this possibility, a 
o
rystal s
reening was performed between 10 and resor-
inol. The hydrogen bonding donor abilities of resor
inol and 10 are quite similar(� parameters of 3.7 and 3.5, respe
tively); thus, a qualitative predi
tion of thelikeliness of 
o
rystallization by using the Hunter's approa
h is parti
ularly diÆ
ultin this 
ase. However, resor
inol was 
hosen due to its geometri
al and hydrogenbonding 
omplementarity (Fig. 3.57), and a 
o
rystal s
reening was 
ondu
ted (seeappendix B.8).19 Two new 
rystalline phases were obtained (one anhydrous andone hydrate), whose 
rystal stru
tures 
ould also be determined by means of dire
tspa
e methods from PXRD.19A survey of the November 2011 Cambridge Stru
tural Database has identi�ed over 55 instan
esof the synthon R22(11)
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Fig. 3.57: Donor{a

eptor 
omplementarity between the expe
ted 
o
rystalof 10 and resor
inolAn anhydrous 
o
rystal, with a 1:2 (10:resor
inol) stoi
hiometry, was obtainedfrom the dehydration of the hydrate 
o
rystal at 120ÆC in an aluminum DSC
ru
ible under nitrogen atmosphere, whereas the hydrate 
o
rystal, with a 1:2:2(10:resor
inol:water) stoi
hiometry, was obtained by 
rystallization with di�erentsolvents during the 
o
rystal s
reening. Good quality 
rystalline stru
tures 
ouldbe a
hieved after Rietveld re�nement demonstrating the formation of both 
o
rys-tals, although not with the expe
ted synthon. In the anhydrous 
o
rystal, themost remarkable feature of the stru
ture is that, besides the fa
t that the expe
ted
arbonyl{phenol intera
tion does not take pla
e, ea
h mole
ule of 10 intera
ts withanother one via the syn/syn ribbon supramole
ular synthon whi
h, although beingexpe
ted, had not been previously observed in any of its two polymorphs (Fig. 6.11,(d)). Moreover, two mole
ules of resor
inol intera
t through strong hydrogen bondswith both piperazine nitrogens and the free 
arbonyl groups of the squaramidi
 ring(Fig. 3.58).

Fig. 3.58: Crystal stru
tures of the resor
inol 
o
rystalsOn the other side, in the hydrate 
o
rystal, the presen
e of water produ
esa dramati
 
hange in the supramole
ular synthons present in the stru
ture. Inthis 
o
rystal, squaramide mole
ules do not intera
t with ea
h other; instead, allits a

eptor and donor groups establish hydrogen bonds with water and resor
inolmole
ules: 
arbonyli
 oxygens bond to water and phenol hydrogens while the amidi
hydrogen bonds to the water oxygen. The other phenoli
 resor
inol's hydrogen also
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ussionbonds the water oxygen. The stru
ture is 
ompleted with piperazine nitrogen{waterintera
tions.During the experimental 
o
rystal s
reening, eviden
es of polymorphism in thesemulti
omponent solids have been observed, but no further studied, therefore, othersupramole
ular synthons, in
luding the predi
ted R22(10), 
annot be dis
arded.In order to 
ompare the supramole
ular synthons observed with resor
inol, an-other similar 
oformer was tested: hydroquinone. Although not being geometri
ally
omplementary for the expe
ted R22(10) synthon, it is a good double hydrogen bonddonor 
oformer whi
h might in
uen
e in 
rystallizing a new supramole
ular ar
hi-te
ture. After an experimental s
reening, three new polymorphi
 
o
rystals wereidenti�ed but unfortunately no 
rystal stru
ture 
ould be determined (see appen-di
es B.8 and C.2.19). Resear
h in this dire
tion is still being 
ondu
ted.In summary, we have studied how the formation of an intramole
ular hydrogenbond a�e
ts the polymorphism of a bis-squaramide ester 
ompound. However, thispreorganization has been revealed not to be suÆ
ient to drive the formation of a
o
rystal with the double donor-double a

eptor supramole
ular synthon that weexpe
ted. On the other hand, three out of the four a priori possible supramole
-ular synthons predi
ted for 10 have been observed in its two polymorphs and itsanhydrate 
o
rystal with resor
inol stru
tures.3.3.2 Se
ond strategy: 
o
rystallization with 
omplemen-tary 
oformers via peripheral intera
tionsAll the diÆ
ulties in impeding the head-to-tail synthon of the dise
ondary squaramidesreveal that they 
an be very attra
tive to be exploited as mole
ular s
a�olds in thedesign of new multi
omponent 
rystalline stru
tures be
ause, with a suitable fun
-tionalization of the se
ondary squaramide substituents, 
omplementary 
oformers
ould establish strong peripheral intera
tions with them. [251℄ In this sense, furtherinsight was given to 
o
rystallization experiments of disquaramides with fun
tion-alized se
ondary 
hains with both donor and a

eptor groups.3.3.2.1 Co
rystals with hydrogen bond donor 
oformersTwo model 
ompounds (2 and 4, Fig. 3.59), whi
h have pyridil and dimethylaminofun
tional groups, respe
tively, were sele
ted for performing an intense experimental
o
rystal s
reening with a set of hydrogen bond donor 
oformers su
h as 
arboxyli
a
ids, phenols and amides (table 3.10). Three and six multi
omponent solid forms
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rystals design 67of 2 and 4 were identi�ed from 56 and 162 
o
rystallization experiments performed,respe
tively. Eviden
es of other new phases were dete
ted during the s
reening.
Fig. 3.59: S
heme of 2 and 4Tab. 3.10: Co
rystallization experiments with 2 and 4. -: no solid obtained,0: no 
o
rystal, 1: eviden
es of new phases, 2: 
o
rystal 
on�rmed by SXRDor PXRD and 1H-NMRCoformer Compound 2 Compound 4Fumari
 a
id 2 2p-nitrobenzoi
 a
id 2 1Glutari
 a
id 0 1Glutami
 a
id 0 1Oxali
 a
id 1 1Citri
 a
id 0 1Squari
 a
id 1 2Resor
inol 0 2Urea - 1Ni
otinamide 0 1One 
rystal stru
ture of 2 with fumari
 a
id and three 
rystal stru
tures of 4with fumari
 a
id, resor
inol and squari
 a
id 
ould be determined by means ofdire
t spa
e methods or SXRD and they are separately dis
ussed as follows.� Co
rystal of 2 : fumari
 a
id : ACNThe 
rystal stru
ture of 2 with fumari
 a
id20 shows the 
atemeri
 head-to-tail motif, as expe
ted, together with hydrogen bonds between the pyridilnitrogen and the 
arboxyli
 a
id moiety of fumari
 a
id (N� � �HO). A 
o
rys-tal is formed a

ording to the 
arboxylate distan
es obtained from the 
rystalstru
ture solved by SXRD as we expe
ted from a di�eren
e of pKas (� pka< 3, pKapyridine=5.25; pKafumari
a
id=3.03) (see 
hapter 1.2). Moreover, a
e-tonitrile mole
ules o

upy available voids in the 
rystal stru
ture (not shown)(Fig. 3.60).20CCDC 1015650 
ontains the 
rystallographi
 data.
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Fig. 3.60: Crystal stru
ture of the ACN solvate of 2 and fumari
 a
id 
o
rys-tal, 1:1:2 (ACN mole
ules not shown)
� Salt of 4 : fumari
 a
id : MeOH : waterThe 
rystal stru
ture of this solvate,21 presents a displa
ed head-to-tail motifdi�erent from the previously des
ribed. Methanol and water mole
ules o

u-py the empty 
hannels formed by squaramide units and fumari
 a
id 
olumn-s. Water mole
ules 
onne
t fumari
 a
id mole
ules via hydrogen bonds andmethanol mole
ules intera
t with the dimethylamino nitrogen atoms. A
-
ording to the di�eren
e of pKas between the dimethylamine (pKa: 10.7) andfumari
 a
id (pKa: 3.03), this multi
omponent solid form was expe
ted to bea salt, however, surprisingly a 
o
rystal is 
on�rmed by the 
arboxyli
 dis-tan
es (dC�O: 1.20 �A, 1.29 �A and 1.23 �A, 1.28 �A) from the 
rystal stru
turesolved by SXRD (Fig. 3.61).

21CCDC 1015651 
ontains the 
rystallogrpahi
 data.
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Fig. 3.61: Crystal stru
ture of the MeOH/Water solvate of 4 and fumari
a
id 2:2:1:3 
o
rystal (water mole
ules not shown)Interestingly the 
rystal stru
tures of 2 and 4 with fumari
 a
id present adi�erent type of head-to-tail synthon. Both s
a�olds are 
atemeri
, but the
o
rystal of 2 presents a ring motif (R22(10)) formed by ten atoms, in whi
htwo hydrogen bond donors and two hydrogen bond a

eptors parti
ipate. Onthe other hand, the 
o
rystal of 4 
rystallizes through a displa
ed head-to-tail motif, due to fumari
 a
id intera
tions, forming a 
hain (C(6)), in whi
hone hydrogen bond donor and one hydrogen bond a

eptor parti
ipate (Fig.3.62).

Fig. 3.62: Head-to-tail motifs of multi
omponent forms of (a) 2 and (b) 4(Coformers not shown)� Co
rystal of 4 : resor
inolIn this 
ase, two polymorphi
 anhydrous 
o
rystal forms were identi�ed (Fig. 3.63).Crystal stru
ture of form I, solved by dire
t spa
e methods, reveals the pre-viously seen head-to-tail squaramide motif (R22(10)) through hydrogen bond
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ussionintera
tions while resor
inol mole
ules intera
t with peripheral dimethylaminogroups of 4 via hydrogen bonding (N� � �HO) linking squaramide 
olumns (Fig.3.64).

Fig. 3.63: PXRD diagrams of the two polymorphi
 anhydrous 
o
rystals of4 with resor
inol (1:1)

Fig. 3.64: Crystal stru
ture of 4:resor
inol 
o
rystal, form IAlthough tetragonal 
ell parameters were determined (a = 25:48 �A; 
 =6:07 �A; V = 3943 �A3) by means of dire
t-spa
e methods, no a

eptable
rystal solution for form II 
ould be dedu
ed, from the two di�erent possiblespa
e groups I4 and I-4. Probably, a better de�nition of the di�ra
togramis needed for an a

eptable 
rystal stru
ture solution. Syn
hrotron radiationsour
e experiments are planned to over
ome this problem.� Salt of 4 : squari
 a
id : waterThe formation of a salt was again expe
ted sin
e squari
 a
id is a very stronga
id (pKa = 1.5, 3.4) whi
h was 
on�rmed a

ording to the squarate distan
esfrom the 
rystal stru
ture solved by SRXD. In this 
ase, the head-to-tail is notobserved be
ause of the intera
tion with the squarate anion (Fig. 3.65). Water
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o
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ules 
onne
t squaramide rings and monosquarate groups via hydrogenbonding.

Fig. 3.65: Hydrate of the salt between 4 and squari
 a
id
3.3.2.2 Co
rystals with hydrogen bond a

eptor 
oformersSin
e the strategy of using se
ondary squaramides 
ontaining peripheral hydro-gen bond a

eptor fun
tional groups (pyridine and dimethylamine) was su

essful,we de
ided to extend this approa
h by atta
hing donor fun
tional groups to thesquaramide peripheral 
hains (Fig. 3.66). Compound 12 was synthezised from di-ethylsquarate and tyramine in ethanol.

Fig. 3.66: S
heme of (a) a general disquaramide with peripheral hydrogenbond donor groups and (b) 12An experimental 
o
rystal s
reening was 
ondu
ted between 12 and a set ofdi�erent hydrogen bond a

eptor 
ompounds (see appendix B.8). Table 3.11 sum-marizes the 
o
rystal s
reening results.



72 Results and dis
ussionTab. 3.11: Co
rystal experiments with 12. -: no solid obtained, 0: no
o
rystal, 1: eviden
es of new phases, 2: 
o
rystal 
on�rmed by SXRD orPXRD and 1H-NMR Coformer Compound 12oxali
 a
id 1resor
inol 0ni
otinamide 1isoni
otinamide 1bipyridine 1pyridine 1As it is shown in table 3.11, some 
rystallization results suggested the existen
eof 
o
rystals with oxali
 a
id, ni
otinamide, isoni
otinamide, bipyridine and pyri-dine but only two 
rystal stru
tures of solvate of 12 in ethanol and in DMSO/water
ould be determined by single X-ray di�ra
tion (Fig. 6.13).22

Fig. 3.67: Crystal stru
tures of (a) ethanol and (b) DMSO/water solvates of 12Although the solvents ethanol, DMSO and water, were not intended to be usedas 
oformers, the two 
rystal stru
tures depi
t the general s
heme of our strate-gy: a head-to-tail motif is again formed between squaramide units while ethanoland DMSO mole
ules intera
t via intermole
ular hydrogen bonds with the phenolgroups. These 
rystal stru
tures suggest that our strategy of fun
tionalizing theperipheral dise
ondary squaramide 
hains with hydrogen bond donor fun
tionalgroups in order to design new 
o
rystals 
ould be su

esful. However, althoughmany eviden
es of new 
rystal forms have been registered through the 
o
rystals
reening 
ondu
ted, further insight is required to elu
idate the 
rystal stru
turesof the multi
omponent solids obtained in order to 
on�rm the su

ess of the design.22CCDC 1015653 
ontains the 
rystallographi
 data.



3.4 Self-assembling and template e�e
t: heli
al ar
hite
tures 733.4 Self-assembling and template e�e
t: heli
alar
hite
turesConsidering that the robust head-to-tail motif 
an be used as s
a�old, we de-signed the non symmetri
al squaramide (13) fun
tionalized with donor and a
-
eptor groups in the same skeleton, with the obje
tive to produ
e new hydro-gen bonded self-asssembled ar
hite
tures with new topologi
al features. Thus,
ompound 13 was synthesized through a two-step sele
tive 
ondensation of N,N -dimethylethylenediamine and tyramine with diethylsquarate in mild 
onditions. As-suming that the head-to-tail intera
tion 
an a
t as a template, in prin
iple two typesof intera
tions are possible: (a) 
y
li
 and (b) polymeri
, whi
h 
ould give raise toheli
al assemblies (Fig. 3.68).

Fig. 3.68: Possible (a) Cy
li
 and (b) Polymeri
 aggregates of 13The helix is one of the most important stru
tural motifs in nature due to itsubiquitous presen
e, from the mole
ular level to the astronomi
al s
ale. [253, 254℄Heli
ity shows relevant properties su
h as 
hirality and other geometri
 featureswhi
h have attra
ted the attention of the s
ienti�
 
ommunity. [255{257℄ Examplesof heli
ity in
lude the double-stranded DNA and the assembly of linear proteinsinto multistranded 
omplexes whi
h are responsible for the geneti
 information anddiverse biologi
al fun
tions. [258℄ This fas
inating natural motif has inspired thedesign and synthesis from unnatural ba
kbones of a broad variety of arti�
ial he-
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ussionli
es in the �elds of supramole
ular 
hemistry, asymmetri
 
atalysis, biomimeti
s,et
. [259{261℄ Thus, the use of syntheti
 building blo
ks for the supramole
ularassembling into heli
al polymers [262℄ has been su

essfully exploited in the pastwith metal 
oordinated heli
al 
omplexes [255,263℄ or self-assembled spiral nanoar-
hite
tures from barbituri
 a
id, [264℄ among many others. [265{267℄ In this sense,hydrogen-bonding is a key intera
tion due to its great dire
tionality and strengthwhi
h 
an be used to design highly stable and sele
tive building blo
ks able to
ooperatively drive the formation of polymeri
 assemblies. [268{270℄Sin
e no 
rystals of 13 suitable for stru
ture determination by SXRD 
ould beobtained, its 
rystal stru
ture was solved from laboratory X-ray powder di�ra
tiondata by means of dire
t spa
e methods (Fig. 6.14).23

Fig. 3.69: Crystal stru
ture of 13
The analysis of the 
rystal stru
ture reveals that the 
atemeri
 head-to-tail ar-rangement remains and heli
es are individually pa
ked (following model (a) in �gure3.68), 
onne
ted to others through weak CH{� intera
tions between the methy-lamino group and the aromati
 ring, [271,272℄ with 
entroid distan
e of 3.05 �A andC-H 
entroid angle of 109ÆC (Fig. 3.12, (a)). This nitrogen atom is parti
ular-ly ele
tronegative due to the strong hydrogen bond with the phenol group whi
hdrives the methyl groups to intera
t eÆ
iently with the fa
e of the aromati
 ring(Fig. 3.12, (b)).23CCDC 953732 
ontains the 
rystallographi
 data.
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al ar
hite
tures 75

Tab. 3.12: (a) Helix-pa
king motifs via CH� � �� intera
tions and (b) CH� � ��intera
tion between the methylamino group and the aromati
 ring in 13Although heli
al assemblies from an a
hiral 
ompound su
h as 13 
an a pri-ori form 
hiral 
rystals, a ra
emi
 mixture of alternating 
lo
k and anti
lo
kwisespinning heli
es has been found (Fig. 3.70).

Fig. 3.70: Clo
k and anti
lo
kwise rotation of the two di�erent heli
es in thera
emi
 
rystal of 13This unpre
edented helix in a squaramide is driven by a 
ombination of twodi�erent head-to-tail intera
tions and, a

ording to the literature, this example 
anbe 
onsidered remarkable in the �eld of 
rystal engineering and supramole
ular
hemistry. The good geometry and donor/a

eptor 
omplementarity produ
es anoptimal pa
king whi
h ex
ludes the possibility to form 
avities.On
e the formation of hydrogen-bonded heli
al stru
tures in a nanotube fash-ion was observed with 
ompound 13, another strategy of nanotube formation was
onsidered through the design of 
y
li
 
ompounds 
ontaining two squaramide u-nits 
ovalently linked. In this sense, the formation of nanotubes by ma
ro
y
li
squaramides was initially studied and new 
ompounds were synthesized to explorethis possibility (Fig. 3.71), (Chapter 6.3.6). However, this resear
h line has beenabandoned due to experimental diÆ
ulties in 
rystallizing su
h 
ompounds. Theyare very insoluble in most of the solvents and their powder di�ra
tion patterns show
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ussionbroad bands, suggesting low 
rystallinity or likely mi
ro
rystalline stru
tures. Thisis supported by DSC analysis whi
h shows pro�les with no de�ned melting point.Further resear
h on this issue 
ould be developed in the future.

Fig. 3.71: Ma
ro
y
li
 squaramides 14, 15 and 16
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 a
id derivatives: the ele
trostati
 
ompression phenomenon 773.5 Charged squari
 a
id derivatives: the ele
tro-stati
 
ompression phenomenonHydrogen bonding, whi
h 
ombines dire
tionality with strength, �-sta
king andtheir mutual 
ombinations play a key role and have been long and su

essfullyused in supramole
ular 
hemistry. [119, 120, 273{275℄ In parti
ular, 
harge-assistedhydrogen bonds have been exploited to build periodi
al supramole
ular stru
tures.[276{278℄ The ele
trostati
 nature of this type of hydrogen bond usually strengthensthe intera
tion be
ause of the presen
e of ioni
 
harges on the hydrogen bondingdonor/a

eptor intera
ting groups. [279℄ This 
harge assistan
e preserves the hy-drogen bonding dire
tionality while reinfor
ing the intera
tion with the help of
oulombi
 for
es. [280℄ In squarate salts, an inverse relation between length andstrength of 
harged rings has been observed whi
h is explained by an ele
trostati

ompression phenomenon. [281℄ Interioni
 intera
tions between anions in the sol-id state may not 
orrespond to stable intermole
ular bonds, in spite of being thedonor-a

eptor groups distan
es shorter than the equivalent neutral groups dis-tan
es. [282, 283℄ In fa
t, it is a 
onsequen
e of a stronger attra
tive intera
tionof a next-neighbour anion-
ation 
ompared to the repulsive e�e
t of anion-anionand 
ation-
ation (Fig.3.72). [284℄ The balan
e of attra
tive and repulsive ioni
intera
tions determines the 
rystal 
ohesion. Sin
e ele
trostati
ally 
ompressed in-tera
tions retain dire
tionality, they are usefool tools in 
rystal engineering of ma-terials, in relation to 
ondu
tive and magneti
 properties, [285,286℄ supramole
ular
hemistry [287℄ and bio
hemistry. [288℄

Fig. 3.72: S
heme of the ele
trostati
 
ompression phenomenon in squarate assemblies3.5.1 Zwitterioni
 squaramide/squarate 
ompoundsTaking into a

ount the abovementioned phenomena re
ently reported in squaratesalts, [277, 281, 286℄ we de
ided to exploit 
harge assisted hydrogen bonding inter-a
tions in zwitterioni
 squari
 a
id derivatives in 
ombination with ele
trostati
ally
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ussiondriven dimerization to design new supramole
ular assemblies in the solid state.With this obje
tive, the zwitterioni
 squaramide/squarate 
ompound 17 was de-signed as the building blo
k of a new family of supramole
ular assemblies and it wassynthesized in one single step from squari
 a
id and N,N-dimethylethylendiaminein water. [184℄ The strong a
idity of the squari
 a
id moiety ensures the zwitte-rioni
 
hara
ter of 17, whi
h in 
ombination with a geometri
al 
omplementarityprodu
es the optimal 
onditions to form self-assembling dimers (Fig. 3.73).
Fig. 3.73: Synthesis of the zwitterioni
 squaramide 17 and the s
hemati
self-assembling through ele
trostati
 
ompressionIn prin
iple, two di�erent supramole
ular synthons are geometri
ally possiblethrough 
harge assisted hydrogen-bond intera
tions if the ele
trostati
ally 
om-pressed assemblies are formed in the solid state: an R22(10) motif (in a self-assemblingmanner) (Fig. 3.74 (a)) and a head-to-tail C(5) or C(6) motif (Fig. 3.74 (b)).
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Fig. 3.74: Di�erent assembling motifs for 17, expe
ted through 
harge as-sisted hydrogen bonding
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 a
id derivatives: the ele
trostati
 
ompression phenomenon 79In order to study this hypothesis a polymorph s
reening was 
ondu
ted. Crystalsof three di�erent phases were obtained through 
rystallization of 17 by slow di�u-sion of dioxane in dimethylsulfoxide (form I), of methyltertbutylether in dimethyl-sulfoxide (form II) and of di
hloromethane in water (form III). The stru
tures oftwo anhydrate polymorphs (forms I and II)24 and a hydrate25 (form III) were solvedby SXRD. Form II 
rystallized 
on
omitantly with form I in all the experiments,however, we were able to isolate 
at needles of form II from the 
rystallizationmixture.In the two anhydrous 
rystal stru
tures, similar ele
trostati
ally 
ompresseddimers establish 
omplementary N-H� � �O intera
tions with adja
ent dimers. How-ever, squaramide rings in form I are 
loser to ea
h other than in form II with
entroids distan
es of 3.47 �A and 3.70 �A respe
tively (Fig. 3.75).
Fig. 3.75: Sta
ked dimers showing d
entroid�
entroid for anhydrous forms Iand II of 17The most important di�eren
e lies on the 
arbonyli
 oxygen whi
h is involvedin the intermole
ular hydrogen bond. While in form I the 
arbonyli
 oxygen in antiwith respe
t to the NH is forming the hydrogen bond, in form II this intera
tion isestablished by the oxygen in syn. This is the 
onsequen
e of two geometri
ally pos-sible hydrogen bond donor/a

eptor 
ombinations, sin
e hydrogen bond a

eptorability of the two available 
arbonyl oxygen atoms are similar (mole
ular ele
tro-stati
 potential minima26 of -330 and -349 kJ/mol, �gure 3.76).
Fig. 3.76: MEP surfa
e at the DFT level of 
omputation of the isolatedgeometry from the 
rystal stru
ture of form I24CCDC 938373 and CCDC 951985 
ontain the 
rystallographi
 data.25CCDC 938372 
ontains the 
rystallographi
 data.26MEP surfa
e was 
omputed with Spartan '10 using DFT B3LYP/6� 31 + G� ab initio 
al-
ulations. The mole
ule was imported from the 
rystal stru
ture of form I and was not energyminimized.



80 Results and dis
ussionThis parti
ularity has important 
onsequen
es on the 
onnexion of the ele
tro-stati
ally 
ompressed dimers in the 
rystal, produ
ing 
ompletely di�erent supramole
-ular synthons for both polymorphs: R22(10) rings in form I and C(5) 
hains in formII (Fig. 3.77).

Fig. 3.77: Supramole
ular synthon observed in form I (a) and form II (b)
onne
ting the ele
trostati
ally 
ompressed dimers in the 
rystal
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 a
id derivatives: the ele
trostati
 
ompression phenomenon 81On the other hand, in the hydrate form III a di�erent supramole
ular synthon isobserved. Ea
h 
ompressed dimer intera
ts with the neighbouring dimer in a C(6)motif with water mole
ules stabilizing the stru
ture through hydrogen bondingintera
tions with the free 
arbonyls. The ele
trostati
ally 
ompressed dimer that isformed is very similar to the one in form I, with 
entroid-
entroid distan
e of 3.52�A (Fig. 3.78).

Fig. 3.78: Supramole
ular synthons observed together with the sta
ked dimerin the hydrate form III
Sin
e the 
ondensation rea
tion between squari
 a
id and the N,N -dimethyl-ethylendiamine is not 
omplete, mixtures of non rea
ted squari
 a
id and 17 werepresent in the synthesis 
rude and, unexpe
tedly, 
rystals of a di�erent phasewere isolated from the rea
tion mass in one of the 
rystallization experiments 
on-du
ted (see appendix B.8). The solved 
rystal stru
ture27 revealed that a newmonosquarate/17 salt was obtained. Interestingly, the stru
ture shows anotherele
trostati
ally 
ompressed motif whi
h is formed through a 
ombination of amonosquarate anion and two di�erent moieties of 17 in a similar sta
ked way as inthe anhydrous and hydrate forms of 17, with 
entroid-
entroid distan
e of 3.51 �A(Fig. 3.79). The most remarkable feature of this stru
ture is that peripheral hy-drogen bonding squari
/squari
 intera
tions are established with the same R22(10)motif previously reported by Mathew et al., [159℄ suggesting that self-assembledzwitterioni
 squaramides 
ould be used as eÆ
ient 
oformers for 
o
rystallizationof a variety of donor/a

eptor 
ompounds su
h as 
arboxyli
 a
ids, ureas, amides,et
.27CCDC 938374 
ontains the supplementary 
rystallographi
 data.
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Fig. 3.79: Crystal stru
ture of monosquarate/17 salt
3.5.2 Squarate saltsSquarate salts have been extensively studied in the solid state [159,169,289℄ and a �-sta
king is observed as a 
onsequen
e of the ele
trostati
 
ompression phenomenon.As it has been reported, aromati
ity and hydrogen bonds are the most importantfor
es driving the intera
tions in the solid stru
tures of squarate ions, [290℄ thus wede
ided to examine the propensity of squaramide, hydrogen squarate and squaratesalts in the solid state to establish intera
tions that are typi
al of aromati
 
om-pounds [291℄ (sta
king intera
tions, [119,292,293℄ ion-�, [294{296℄ C{H/�, [271,297℄et
.). In this sense, a 
ollaborative resear
h with the group of Prof. Frontera was
ondu
ted with the aim to extend the knowledge about the for
es that govern thesespe
i�
 �-sta
ked assemblies by 
ombining X-ray 
hara
terization and 
omputation-al analysis of several squarate and amidosquarate salts (Fig. 3.80),28 whi
h weresynthesized from squari
 a
id and the 
orresponding amine in water (See 
hapter6.3.6). In parti
ular, we fo
used our attention in the analysis of the in
uen
e ofthe four-membered ring aromati
 
hara
ter on the solid state ar
hite
ture of thesemono and di-anion salts dire
ting the type of non
ovalent intera
tions. [298℄ More-over, a relation was found between the ability of the squari
 a
id and its derivativesto establish hydrogen bonds, � � � sta
king and other �-intera
tions (anion-�,lone pair-� and C-H/�), whi
h has not been previously analyzed in detail, and thein
rease in the aromati
ity of the ring.2928CCDC: 987591, 987592, 987593, 987594, 987595 and 987596 
ontain the 
rystallographi
 data.29The 
omputational details and further experimental information 
an be found in the publishedarti
le (Prohens, R. et al. Crystal Growth & Design, 2014, 5, 2578-2587.). They are not in
ludedin this Thesis sin
e this resear
h has not been 
ondu
ted by myself but it is a 
ollaborative work.
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Fig. 3.80: Squarate and amidosquarate salts 18-22 studied in this work

Fig. 3.81: Crystal stru
tures of the amidosquarate salts 18-22 studied in this
ollaborative resear
hIn summary, we have studied the ele
trostati
 
ompression phenomenon in zwit-terioni
 squaramides and squarate salts, whi
h is responsible for the formation ofnew supramole
ular synthons 
on�rming the ability of the squari
 a
id derivativesto establish 
ombined hydrogen bond and �-sta
king intera
tions in the solid state.Their potential for the synthesis of new multi
omponent solids with both hydrogenbond donor and a

eptor 
oformers has been tentatively explored.





Chapter 4
S
reening Te
hniques
4.1 Introdu
tionThere are several methods used for s
reening of solid forms (table 4.1) des
ribedin the literature, either in the solid state or from solution, the latter preferred forthe pharma
euti
al industry, in whi
h 
rystallization 
onditions 
an be modi�edby using di�erent solvents, antisolvents, temperatures, heating and 
ooling rates,additives, 
on
entrations, pH, pressure, saturations, et
. [36, 299℄

The 
hara
terization of the solid forms obtained from the s
reening is mainly per-formed by X-ray di�ra
tion te
hniques in 
ombination with thermal analysis su
has di�erential s
anning 
alorimetry (DSC, Fig. 4.1), whi
h is also a powerful toolfor obtaining useful information of the polimorphi
 system properties, and thermo-gravimetry (TGA). Other 
omplementary te
hniques widely used are solid{stateNMR spe
tros
opy, vibration spe
tros
opy (IR and Raman), thermomy
ros
opy,Tab. 4.1: Crystallization methodsCrystallization from solution methods Solid state methodsevaporation 
ooling from the meltslurrying expose to solvent vapour
ooling 
rystallization expose to high or low humidityantisolvent di�usion sublimationantisolvent addition grindingreverse antisolvent addition 85



86 S
reening Te
hniquesmoisture sorption analysis and surfa
e energy analysis. [14,23,40℄ In 
ase of 
o
rys-tals 
hara
terization, the use of 1H-NMR and 13C-NMR spe
tros
opy is essential.

Fig. 4.1: Thermal phenomena usually observed in a DSC analysis [300℄The preferen
e for a polymorph to 
rystallize in a spe
i�
 solvent at a given tem-perature and pressure is in
uen
ed by solvent-solute intera
tion phenomena in thenu
leation pro
ess, 
rystal growth, polymorphi
 transformation and by the intrinsi
solvent properties, su
h as, vis
osity, hydrogen bonding ability, diele
tri
 
onstantand surfa
e tension, whi
h a�e
t the 
rystallization kineti
s of polymorphs. [301,302℄Therefore, using solvents with diverse properties in
reases the probability to �ndnew polymorphs. Previous studies have established solvents 
lassi�
ation withoutin
luding parameters su
h as a

eptor/donor hydrogen bond 
apa
ity and vis
osi-ty. [303,304℄ In the present study, a 
lassi�
ation a

ording to the 
lusters method,in parti
ular the average linkage method, has been followed. [305,306℄ This method
lassi�es 96 solvents in 15 groups by taking into a

ount 8 parameters: a

ep-tor/donor hydrogen bond 
apa
ity, polarity/dipolarity, dipolar moment, diele
tri

onstant, vis
osity, surfa
e tension and 
ohesive energy density. A parallel 
lassi�
a-tion is performed, whi
h takes into a

ount just 5 parameters of the aforementioned(dis
arding vis
osity, 
ohesive energy density and surfa
e tension, whi
h just a�e
tsolvent-solvent intera
tions). [307℄ Finally, a last 
lassi�
ation was done with one ormore solvents sele
ted from the 
oin
ident solvents from both 
lassi�
ations as mainrepresentatives of ea
h group and new groups were 
reated with the non-
oin
identsolvents, dis
arding a
ids, bases and potential toxi
 solvents. With these general
riteria 13 groups were obtained and 14 solvents have been used to work experimen-
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tion 87Tab. 4.2: Solvents 
lassi�
ationGroup Solvent b.p. a � b �
 Æd de Vf 
g �h �i Toxi
ity1 Heptane 99 -0.08 0.00 1.91 200 0.39 28.28 0.00 0.00 Low2 Dioxane 101 0.51 0.00 2.21 372 1.18 47.14 0.00 0.64 Medium3 Toluene 111 0.54 0.38 2.37 289 0.56 40.20 0.00 0.14 Medium4 Et2O 34 0.27 1.15 4.24 231 0.22 23.96 0.00 0.41 Low5 THF 66 0.58 1.75 7.43 337 0.46 39.44 0.00 0.48 Low6 CH2Cl2 39 0.82 1.60 8.93 400 0.41 39.15 0.10 0.05 Medium7 A
etone 56 0.71 2.88 20.49 362 0.31 33.77 0.04 0.49 Low8 EtOH 78 0.54 1.69 24.85 619 1.07 31.62 0.37 0.48 Low9 MeOH 64 0.60 1.70 32.61 808 0.54 31.77 0.43 0.47 Medium10 ACN 81 0.75 3.92 35.69 523 0.37 41.25 0.07 0.32 Medium11 DMF 153 0.88 3.82 37.22 464 0.79 49.56 0.00 0.74 MediumDMSO 189 1.00 3.96 46.83 573 1.99 61.78 0.00 0.88 Low12 ETG 85 0.92 2.28 41.40 858 16.10 69.07 0.90 0.52 Medium13 Water 100 1.09 1.87 78.36 2096 0.89 105.0 1.17 0.47 LowaBoiling point (ÆC)bPolarity/dipolarity of the solvent [308℄
Dipole moment (debye) [309℄dDiele
tri
 
onstant [309℄eCohesive energy density (Jmol/mL) was 
al
ulated from the equation, (Hvap�RT )=V , whereHvap is the enthalpy of vaporization, R is the gas 
onstant, T is temperature of interest and 298.15K was used in the 
al
ulation, and V is the molar volume at 298.15 K. The value of Hvap and Vwas 
olle
ted from the referen
e [309℄fVis
osity of the solvent at 25ÆC (mPas) [309℄gSurfa
e tension of the solvent at 25ÆC (
al/(mol��A2)) [309,310℄hSummation of the hydrogen bond donor propensities of the solvent [310,311℄iSummation of the hydrogen bond a

eptor propensities of the solvent [310,311℄
tally during the s
reenings. In parti
ular, dimethylsulfoxide and dimethylformamidebelong to the same group, but we 
onsidered working with both solvents sin
e theyare extremely good in dissolving 
ompounds, su
h as squaramides. Table 4.2 showsa list of the solvents used in this work for the polymorphi
 and 
o
rystal s
reenings.Solvents have been used as pur
hased, without further puri�
ation. This 
lassi�-
ation has been taken into a

ount with the �rst four disquaramides. Additionalsolvents have been used in the whole work due to insolubility of the 
ompounds andother experimental 
onsiderations.



88 S
reening Te
hniques4.2 Polymorphi
 S
reeningIn the present work, the polymorphi
 properties of several reported 
ompounds havebeen experimentally investigated through a general pro
edure for s
reening [307℄based on previous studies from the literature [12,14,22,312℄ and our work experien
ein the Unit of Polimorphism and Calorimetry of the University of Bar
elona. Thus,for ea
h 
ompound the following general proto
ol has been follwed:� Initial solid state 
hara
terization of the 
ompounds by PXRD, TGA andDSC.� Solvent sele
tion and solubility study.� Samples generation: 
rystallizations under kineti
 and thermodynami
 
on-ditions.� Analysis and 
hara
terization of the solids obtained by PXRD, TGA andDSC.� Crystal stru
ture determination from powder X-ray di�ra
tion or by single
rystal X-ray di�ra
tion when possible.� Study of the relative thermodynami
 stability of the polymorphs obtained forea
h 
ompound.4.2.1 Solubility study10 mg of the 
ompound were dissolved in the minimum required volum of the sele
t-ed solvent (up to 1 mL) at r.t. When the solid did not dissolve, the temperature wasraised up to the solvent boiling point. The solubility data of the model 
ompoundsin the 
urrent study are summarized in appendix A.12)4.2.2 Crystallization experiments from the solubility studyThe vials 
ontaining the solutions obtained from the solubility study are kept 
losedovernight at r.t. and if a solid still does not 
rystallize the tubs are opened for thesolvent to evaporate.



4.2 Polymorphi
 S
reening 894.2.3 Solvent mediated transformation experiments (slur-ries)The same amount of two polymorphs (10-30 mg of ea
h form) were suspended in thesele
ted solvent into a sealed vial under stirring at the tested temperature. At highertemperatures than r.t., the suspension was purged under nitrogen or argon. In 
asethe solvent was too volatile, small amounts of the solvent were added periodi
allyto avoid dryness. Aliquots of the suspended solid were analyzed periodi
ally byPXRD and the di�ra
tograms were 
ompared to the starting material until thetransformation was 
omplete. In the present work, this te
hnique has been appliedto the solids of the solubility study whi
h are insoluble and they have been slurriedovernight.
4.2.4 Pre
ipitation experiments under kineti
 
onditions4.2.4.1 Pre
ipitation experiments by rapid 
ooling from high tempera-ture to low temperature (PHT)10 mg of the 
ompound were dissolved in the minimum required volume of thesolvent at high temperature and the solution was 
ooled rapidly to 0 ÆC or at atemperature above the solvent freezing point. All the solids obtained were �lteredand air-dried.
4.2.4.2 Pre
ipitation experiments by antisolvent addition (PAD)10 mg of the 
ompound were dissolved in the minimum required volume of thesele
ted solvent at r.t. If the 
ompound was insoluble at r.t., the suspension washeated until it dissolved. Antisolvents1 at a 1:2 ratio (solvent:antisolvent) wererapidly added to the solutions at r.t. and if no solid pre
ipitated more antisolventwas added up to a 1:4 ratio (solvent:antisolvent). Finally, in 
ases in whi
h nosolid appeared, solutions were 
ooled down to 0 ÆC or at a temperature above thefreezing point of the solvent. All the solids obtained were �ltered and air-dried.1solvents in whi
h the 
ompound is insoluble



90 S
reening Te
hniques4.2.5 Crystallization experiments under thermodynami
 
on-ditions4.2.5.1 Crystallization experiments by slow 
ooling from high temper-ature to r.t. (CHT)10 mg of the 
ompound were dissolved in the minimum volume of the solvent athigh temperature. On
e the solid was 
ompletely dissolved, the stirring and heatingwere swit
hed o� and the solution was allowed to slowly 
ool down to r.t. The solidsobtained were �ltered and air-dried.4.2.5.2 Crystallization experiments by solvent evaporation at r.t. (CRT)10 mg of the 
ompound were dissolved in the minimum required volume of thesolvent at r.t. and, on
e the solid was 
ompletely dissolved, the stirring was stoppedand the vial 
ontaining the solution was opened to air until a solid 
rystallized. Thesolids obtained were �ltered and air-dried.4.2.5.3 Crystallizations experiments by antisolvent di�usion at r.t.(CAD)10 mg of the 
ompound were dissolved in the minimum required volume of thesolvent at r.t. into a thin vial, whi
h was sealed with a septum and a needle,through whi
h the antisolvent is allowed to evaporate. The vial was introdu
edinto a bigger vial 
ontaining the sele
ted antisolvent, and the system was sealed.The solution was mantained at r.t. until a solid 
rystallized (Fig.4.2).
Fig. 4.2: Antisolvent di�usion s
heme4.3 Co
rystal s
reeningIn this se
tion the general pro
edure of the experimental 
o
rystal s
reening te
h-niques used in the present work is des
ribed, based on previous studies from the



4.3 Co
rystal s
reening 91literature and our work experien
e. [52,60,74,313,314℄ However, no extensive 
o
rys-tal s
reening has been performed for ea
h 
ompound, but spe
i�
 methods for someparti
ular 
ompounds in order to study their 
rystal stru
tures. All the resultingsolids were analyzed by PXRD and new multi
omponent phases were 
on�rmed by1H-NMR.4.3.0.4 Grinding/Drop-grinding experiments (G/DG)20-50 mg of a mixture of the 
ompound and the sele
ted 
oformer in a 1:1, 1:2 or2:1 molar ratio were introdu
ed together with two steal balls of 3 mm of diammeterinto a miller. A drop of a sele
ted solvent (5-10�L), in 
ase of the drop-grinding,was added together with two metalli
 balls and the miller was programmed at 30Hzfor 30 minutes.4.3.0.5 Rea
tion Crystallizations (RC)A saturated solution of the more soluble 
omponent was prepared under stirring ina sealed vial. Small amounts of the other 
omponent were added until a suspensionwas obtained. The suspension was kept stirring for a week at room temperature,avoiding the 
omplete evaporation of the solvent by adding little amounts of solvent,if ne
essary. Finally, the solid was �ltered and air-dried.4.3.0.6 Pre
ipitation experiments by rapid 
ooling from high tempera-ture to low temperature (PHT)20-50 mg of a mixture of the 
ompound and the sele
ted 
oformer in a 1:1, 1:2 or 2:1molar ratio were introdu
ed into a sealed vial with the minimum required volumeof a spe
i�
 solvent to dissolve the mixture at high temperature. On
e the solidwas dissolved, the solution was 
ooled rapidly to 0 ÆC or at a temperature abovethe solvent freezing point.4.3.1 Crystallization experiments to obtain single 
rystals4.3.1.1 Crystallizations experiments by slow 
ooling from high temper-ature to r.t. (CHT)20-50 mg of a mixture of the 
ompound and the sele
ted 
oformer in a 1:1, 1:2or 2:1 molar ratio were introdu
ed into a sealed vial with the minimum requiredvolume of a spe
i�
 solvent to dissolve the mixture at high temperature. On
e the
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reening Te
hniquessolid was dissolved, the heating was swit
hed o� allowing the solution to 
ool downslowly to r.t.4.3.1.2 Crystallization experiments by antisolvent di�usion at r.t. (CAD)An aliquot of a solution 
ontaining the 
ompound and the 
oformer in a 1:1, 1:2or 2:1 molar ratio at r.t. was introdu
ed into a thin tub sealed with a septumand a needle, through whi
h the antisolvent was allowed to di�use. It was keptwithout stirring into a bigger tub 
ontaining the sele
ted antisolvent until a solid
rystallized.4.3.1.3 Re
rystallization experiments from the rea
tion 
rystallizationsolids (RRC)A saturated solution of the more soluble 
omponent was prepared in the sele
tedsolvent at r.t. and the less soluble 
omponent was added until a suspension wasobserved. The temperature was raised and additional solvent was added until a
omplete dissolution of the solid. Finally, the solutions were slowly 
ooled down tor.t.



Chapter 5
Crystal stru
ture determinationfrom powder X-ray di�ra
tiondata
Powder X-ray di�ra
tion (PXRD) is now one of the most widely used te
hniquesavailable to materials s
ientists for studying the stru
ture and mi
rostru
ture of
rystalline solids, spe
ially in 
ases where suitable single 
rystals are not avail-able. [315℄ In re
ent years, signi�
ant progress has been made in all aspe
ts of abinitio 
rystal stru
ture solution from powder di�ra
tion data, [316{320℄ sin
e or-gani
 
ompounds named Cimetidine [321℄ and Fluores
ein dia
etate, [322℄ were�rst determined by dire
t spa
e methods using syn
hrotron X-ray powder di�ra
-tion data. Various methods for the stru
ture determination from powder di�ra
tiondata (SDPD) have been used sin
e then and numerous examples of reliable three-dimensional stru
tures [323{329℄ have been obtained, of 
omparable quality to thosefrom single 
rystal experiments.The 
hallenges en
ountered in 
rystal stru
ture solution from PXRD data inthe 
ase of mole
ular 
rystals are greater 
ompared to non-mole
ular and frame-work 
rystal stru
tures. Mole
ular 
rystals tend to have low symmetry, leading tosubstantial overlap of peaks in their powder di�ra
tograms [330℄ and spe
ially fororgani
 mole
ular 
rystals, the majority of the atoms in the stru
ture are weak X-ray s
atterers, resulting in little signi�
ant intensity at high di�ra
tion angles. [331℄All these issues have been over
ome by improving te
hnology, global optimizationalgorithms and by using novel strategies, [332{334℄ whi
h allow high rate of su

esseven by using 
onventional laboratory powder di�ra
tion data, 
olle
ted under nonideal 
onditions. [335{338℄During the development of this PhD thesis, various 
rystal stru
tures have been93
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ture determination from powder X-ray di�ra
tion datasolved by means of dire
t spa
e methods from PXRD data following a methodologywhi
h has been optimized in the Polymorphism and Calorimetry Unit in 
ollabo-ration with the X-ray Di�ra
tion Unit of the S
ienti�
 and Te
hnologi
al Centers(CCiT-UB). The pro
edure is based on a sequential pro
ess [316,339℄ whi
h mainly
onsists in: (I) indexing and spa
e group determination, (II) stru
ture solution and(III) stru
ture re�nement. Ea
h step will be separately presented next. (Fig. 5.1)

Fig. 5.1: SDPD using dire
t-spa
e methods(I) Indexing and spa
e group determinationThe �rst and 
ru
ial step in a stru
ture determination from powder di�ra
tiondata is indexing, i.e. to �nd the unit 
ell dimensions (a, b, 
, �, � and 
) of thematerial under investigation. This stage is the key of the whole pro
edure be
ausea wrong unit 
ell leads to unsatisfa
tory stru
tures and in some 
ases the unit 
ell
annot be found due to low intensity peaks, peak shoulders, textured samples, extrapeaks from unknown impurities or peak overlapping. In the indexing pro
ess, low-angle peaks are 
riti
al, sin
e peak overlap at high di�ra
tion angles is usually veryextensive and 
onsequently high-angle region of X-ray di�ra
tion laboratory data
annot be used reliably.The most widely used programs for indexing are ITO, [340℄ TREOR [341℄ andDICVOL [342,343℄, whi
h typi
ally 
onsider the maximum peak position of about 20sele
ted peaks at low di�ra
tion angles of all available di�ra
tion lines. In parti
ular,DICVOL is explained next as it is the program used in this work.
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ture determination from powder X-ray di�ra
tion data 95Through automati
 peak sear
h and then through 
areful manual inspe
tion,the di�ra
tion patterns of the 
rystal stru
tures reported in this work were indexedby using DICVOL04, a trial and error method based on the variation of parametersby su

essive di
hotomy. The impurity toleran
e 'imp' is related only to the 20 linesused for sear
hing the solution (additional unindexed lines 
an be found among theextra input lines in the reviewing pro
ess). However, spurious lines in
rease therisk to miss the 
orre
t solution. DICVOL04 o�ers also the possibility to analyzethe presen
e of a zero-point error and it 
an suggest more than one solution, dueto un
ertainty in sear
hing harmoni
 di�ra
tion lines. Solutions are sear
hed forthe smallest 
ell volumes and they have to be evaluated a

ording to their �guresof merit M20 and F20. [344℄ As a result, the set of d-spa
ings (d's) and intensities(I's) of peaks 
an be derived from the pattern and used further in the identi�
ationof the spa
e group, a

ording to systemati
 extin
tions in the intensity data, whi
hare shown as a la
k of di�ra
tion peaks with 
ertain 
onditions in its Miller indi
es.To help in this pro
ess, density (�) 
onsiderations and spa
e group multipli
itiesare used to 
he
k whether the obtained 
ell parameters 
orrespond to an integernumber of a 
hemi
al formula in the 
ell (Z) (Eq. 5.1),� = M � ZNA � V
 (5.1)whereM is the mole
ular weight, NA is the Avogadro number and V
 the volume
ell.If the spa
e group 
annot be uniquely assigned, stru
ture solution 
al
ulationsshould be 
arried out separately for ea
h of the possible spa
e groups and the 
orre
tstru
ture will be de
ided at the end of the pro
ess.After indexing and spa
e group assignment, the intensity data are prepared forstru
ture solution by using the pro�le mat
hing te
hnique, through Le Bail [318℄or Pawley [345℄ �tting methods. Thus, the unit 
ell parameters obtained fromthe indexing step are used in the re�nement without any stru
tural model; in thisstep, the intensities are re�ned as mathemati
 variables only to give optimal �t tothe experimental powder di�ra
tion pattern. In this work, the pattern mat
hingpro
ess was followed as developed by Le Bail. The 
al
ulated intensities of every2� point of the powder di�ra
tion diagram are initially taken equal to an arbitraryvalue and su

essively re�ned to minimize by least squares the �2 fun
tion throughthe following equation: �2 = NXi=1 !i(yobsi � y
al
i )2 (5.2)
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ture determination from powder X-ray di�ra
tion datawhere yobsi and y
al
i are, respe
tively, the intensities of the ith point in the digital-ized experimental and 
al
ulated powder di�ra
tion patterns, and !i is a weightingfa
tor for the ith point (1/yi in our 
ase).The aim of this pro
ess is to obtain reliable values of the variables that des
ribe(a) the peak positions (unit 
ell parameters and zero-point shift), (b) the ba
k-ground intensity distribution, (
) the peak widths, (d) the peak shape (typi
allydes
ribed by a pseudo-Voigt fun
tion i.e., a mixture of Gaussian and Lorentzianfun
tions) [346, 347℄ and (e) the peak intensities. All aforementioned re�ned pa-rameters will be used as input information in a subsequent stage of the stru
turedetermination pro
ess.Following a Le Bail multi-step pro
edure, the integrated intensities, latti
e pa-rameters and zero-point shift parameters of the 
rystal stru
tures determined inthis work were re�ned. The quality of the Le Bail �t is established from the 
om-parison of the simulated and the experimental powder di�ra
tion patterns and itis quanti�ed by the weighted powder pro�le R-fa
tor (Rwp) and �2 that 
onsidersthe entire powder di�ra
tion pro�le point by point, taking peak overlap impli
itlyunder 
onsideration (Eq 5.3).Rwp = 100�sPi !i(yobsi � y
al
i )2Pi !iyobsi 2 (5.3)(II) Stru
ture solutionThe aim of stru
ture solution is to obtain the best initial approximation of the
rystal stru
ture by using the unit 
ell, the spa
e group, the ba
kground and thepro�le variables determined in the �rst step, but without previous knowledge of thea
tual position of the mole
ules within the unit 
ell.Ab initio stru
ture determination from powder di�ra
tion data methods 
anbe divided into two groups depending on the powder pattern treatment: re
ip-ro
al spa
e methods, (the most 
ommonly used are the so 
alled dire
t method-s)1 [315, 350, 351℄ and dire
t-spa
e methods. [331, 352{356℄ The �rst methods 
on-sider the observed individual peaks, whereas the latter ones are based on modellingthe observed pattern as a whole. [353℄ (Fig. 5.2)A. Re
ipro
al spa
e methods: They require the extra
tion of stru
ture fa
tor ampli-tudes from individual re
e
tion intensities in the powder pattern, analogouslyto single-
rystal methods, and they are su

essfully applied to single 
rystal1Other pro
edures are also used like Patterson synthesis [348℄ or 
harge 
ipping. [349℄.
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Fig. 5.2: Stru
ture determination methodsdata, however, this methodology is mu
h more limited in SDPD. A prelimi-nary de
omposition of the experimental pro�le into the single peaks is requiredto obtain the integrated intensity (area under ea
h peak) for ea
h re
e
tion.In this sense, various experimental limitations make diÆ
ult to apply dire
tmethods: strong overlap of the di�ra
tion peaks generated by the problem ofproje
ting the 3D re
ipro
al spa
e on a single dimension, whi
h is parti
ularlysevere in mole
ular solids be
ause of their large and low symmetry unit 
ells;the fa
t that organi
 
ompounds do not usually have dominant strong s
at-tering atoms; the need for a ba
kground estimation; the preferred orientation,
rystal defe
ts whi
h 
ause broadening peaks, et
. Signi�
ant improvement inover
oming the aforementioned limitations has been a
hieved using syn
hrotron-based powder di�ra
tometers to enhan
e resolution and intensity together withadvan
ed mathemati
al approa
hes. [355,357{359℄ However, insuÆ
ient resolu-tion in powder patterns or limiting 
rystal size and quality, twinning and otherintrinsi
 stru
tural features still make dire
t spa
e methods an indispensablete
hnique to solve 
rystal stru
tures from PXRD data.B. Dire
t-spa
e methods: The method is based on the lo
ation of building blo
ks inthe 
ell and the 
omparison of the 
al
ulated and observed di�ra
tion patternsas a whole. Its greatest advantage is that they do not deal with the "phaseproblem" sin
e the extra
tion of stru
ture fa
tors is not required. In generalterms, it is a global optimization problem of a great 
omplexity in whi
h the
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ture determination from powder X-ray di�ra
tion dataagreement between the observed and 
al
ulated di�ra
tion patterns is maxi-mized by a 
ontinuous movement of the mole
ular model around the unit 
ell,
onstantly adjusting its 
onformation, position and orientation. Starting from arandom 
on�guration, the free parameters in the stru
ture are varied random-ly. In general, the global optimization pro
ess in dire
t spa
e 
onsists of (i)parametrization, (ii) ergodi
 algorithm and (iii) 
ost fun
tion. [353℄(i) Parametrization: Any dire
t spa
e sear
h requires the de�nition of the de-gree of freedom (DoF) whi
h des
ribes the stru
ture. Stru
tures are de-s
ribed by 
ontinuous or dis
rete parameters; 
omprising a list of atoms re-lated to ea
h other by bond distan
es and bond angles and their respe
tiverestraints, [360, 361℄ or by using the Z-matrix approa
h. [362℄ In order to a
-
elerate the stru
ture solution pro
ess, it is ne
essary to redu
e the number ofspa
e parameters that des
ribe the mole
ular model by grouping atoms withprior knowledge of 
hemi
al information su
h as the identity of the mole
uleand the atomi
 
onne
tivity. Thus, mole
ular models 
an be treated as rigidbodies in whi
h bond lengths and bond angles are �xed at the standard valuesduring the dire
t-spa
e stru
ture solution 
al
ulation and the torsion anglesthat de�ne the mole
ular 
onformation are left as the unique variables to bedetermined.(ii) Ergodi
 algorithm: parameters vary to eventually explore the entire 
on�gura-tion spa
e and the algorithm evaluates if the global minimum path to the truestru
ture is 
orre
t. Several optimization algorithms 
ommonly used are GridSear
h, [320,363,364℄ Monte Carlo (MC), [365℄ MC with Simulated Annealing(SA), [366{369℄ MC with Parallel Tempering (PT), [370℄ Geneti
 Algorith-m (GA) [371, 372℄ and Di�erential Evolution (DE). [373℄ MC, SA and PTare based on the evaluation of the probability of a given 
on�guration by aBoltzman type distribution known as Metropolis algorithm [374℄ dependingon temperature, whi
h de
reases during the optimization to make MC pro-
ess 
onverge, sin
e lower temperature favors better 
on�gurations. In SA,the temperature is slowly de
reased after ea
h trial 
on�guration, whereas inPT a single 
hain of 
on�gurations is used with a de
reasing temperature. Asmall number of parallel optimizations is made, ea
h with a di�erent temper-ature and periodi
ally the algorithm tests an ex
hange of 
on�gurations. PTalgorithm is invariant with the number of trials and at all times during theoptimization there is the possibility to rea
h any 
on�guration. PT or multi-ple SA have been proven to better su

eed in over
oming the main drawba
kof SA, whi
h is to be trapped in a lo
al minimum due to a possible prematurede
rease of temperature. All the abovementioned algorithms evaluate individ-
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on�gurations is tested as a group.TOPAS, [375℄ DASH, [376℄ FOX (Free obje
ts for 
rystallography) [360, 361℄and EAGER [377℄ among others [378℄ are the main 
omputer programs ofdire
t spa
e methods using MC algorithm with SA or PT.(iii) Cost fun
tion (CF): it is the penalty or �tness asso
iated with ea
h trialstru
ture and it is evaluated by several 
riteria (�2 or Rwp, [379℄ 
rystal ener-gy, atomi
 
oordination, et
). [353℄ Con�gurations are 
ompared using a 
ostfun
tion, whi
h is 
hara
teristi
 of how good the stru
ture is (the smaller val-ue the better 
on�guration). However, other validation of stru
tural models
an be applied in addition, su
h as quantum-
hemi
al stability 
al
ulation-s, [380℄ 
ombined with lo
al or global energy minimization [381{383℄ or theappli
ation of 
rystallographi
 rules derived from 
rystal 
hemistry of knownstru
tures. [384℄The following �gure summarizes the pro
edure of the global optimization algo-rithm in stru
ture solution using dire
t spa
e methods.

Fig. 5.3: Global optimization algorithm in SDPDIn this work, stru
ture solution has been 
ondu
ted by means of dire
t spa
emethods with a reverse Monte-Carlo approa
h [385℄ implemented in FOX. Althoughthis program has been in prin
iple designed to solve non-mole
ular stru
tures betterthan mole
ular ones, its use has expanded to small, dis
rete organi
 
ompounds withsatisfa
tory results. [353,386{389℄ FOX has its own advantages, whi
h are presented
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ture determination from powder X-ray di�ra
tion datanext. The 
rystal stru
ture 
an be des
ribed using any 
ombination of isolatedatoms, mole
ules or polyhedra. The mole
ular model 
an be en
oded in two ways:as a mole
ule, 
omprising a list of atoms related to ea
h other by bond distan
es andbond angles and their respe
tive restraints, or as a Z-matrix. The use of a 
exibleparametrization [361℄ improves optimization speed and it allows the use of severaloptimization algorithms (SA or PT). A 
ost fun
tion is de�ned by ea
h optimizedobje
t and any 
ombination of CFs 
an be used as a parti
ular 
riterion, moreover,maximum likelihood prin
iples for a 
orre
t evaluation of the approximate modelshave been re
ently implemented. It is also possible to use jointly all available datasets from di�erent radiation sour
es and dynami
al o

upan
y 
orre
tion (DOC)simpli�es the problem with spe
ial positions when solving non-mole
ular 
rystals.Extending the program stru
ture algorithms 
riterion for validating the stru
tureis easy. It has its own algorithms of indexing and a very intuitive user-friendlygraphi
al interfa
e. [360, 361℄ In order to obtain the starting stru
tural models ofthe di�erent phases determined during this work, Monte Carlo 
al
ulations wereperformed with the parallel tempering algorithm implemented in the program FOXand the initial starting mole
ular models were introdu
ed by Z-matri
es approa
husing the mole
ular modeling software pa
kage Spartan. [247℄ Optimized stru
turalmodels at mole
ular me
hani
s level of 
al
ulation were 
onverted from protein databank format (.pdb) to a Fenske hall Z-matrix format (.fh) using an opensour
eOpenBabel program. [390℄ During the 
al
ulations, the observed and 
al
ulatedintensities were 
ompared generally only in the 2� range between 2 and 70deg andthe mole
ules were allowed to translate and rotate randomly.(III) Stru
ture re�nement: RietveldThe �nal step on SDPD is the stru
ture re�nement 
arried out by the Rietveldmethod [347, 391℄, whi
h 
onsiders every point in the powder di�ra
tion diagramas an individual intensity measurement, instead of using the integrated intensi-ties I(hkl). During Rietveld re�nement the variables de�ning the stru
tural model(atomi
 positions and atomi
 displa
ement parameters) and the powder di�ra
tionpro�le (unit 
ell, zero shift error and shape parameters) are adjusted by least-squaresmethods (Eq. 5.2) so that an optimal �t between the experimental and 
al
ulatedpowder di�ra
tion patterns is a
hieved. The 
al
ulated powder pattern is obtainedbased on the 
rystalline stru
tures, instrumental 
hara
teristi
s, opti
 parametersrelated with di�ra
tion phenomenon and other sample features able to be modeledsu
h as mi
rostru
ture of the 
onsidered phases.Ea
h di�ra
tion peak is 
hara
terized by its angular 2� position, by the mediumhigh width fun
tion (FWHM or H) and by its gaussian and lorentzian 
ontribu-tions of the pseudo Voigt fun
tion, whi
h best des
ribes the shape of the di�ra
tion
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tion data 101pattern. Texture is usually taken into a

ount through the Mar
h-Dollase fun
-tion. [392℄ It is generally ne
essary to use geometri
 restraints based on standardmole
ular geometries to avoid problems of instability during Rietveld re�nementand to a
hieve stable 
onvergen
e of least-squares 
al
ulations. The evaluation ofthe �t is performed a

ording to the Rietveld graphi
s and mathemati
 residualindi
es: the Rietveld graphi
s represent both diagrams observed and 
al
ulated to-gether with the di�eren
es diagram, and the mathemati
 residual indi
es allow asubsequent following of the adjustment during the re�nement (�2 and Rwp are themost 
onsidered fa
tors). The most 
ommon programs to perform Rietveld re�ne-ment are GSAS [318℄ and FULLPROF, [393℄ the latter being used to re�ne the
rystal stru
tures presented in this work.The Finger's treatment of the axial divergen
e [394℄ was taken into a

ount tomodel the asymmetry of the peak pro�le. The ba
kground was linearly interpolatedbetween a set of sele
ted 2� points. During Rietveld re�nement, the s
ale fa
tor, zeroshift error, 
ell parameters, peak shape, ba
kground points, isotropi
 temperaturefa
tors (re�ned by types of atoms: C, N, O, H, et
.) and, at last, atomi
 
oordinatesof the atoms 
onsidered not restri
ted for moving were adjusted. Planar mole
ularfragments and hydrogen atoms 
oordinates were maintained �xed.





Chapter 6
Experimental Se
tion
6.1 Materials and equipmentThe 
hara
terization of the synthesized 
ompounds during the development of thisthesis has been performed using te
hni
al instrumentation from the Centres Cien-t���
s i Te
nol�ogi
s of the Universitat de Bar
elona (CCiT-UB).� Nu
lear magneti
 resonan
e (NMR). Proton nu
lear magneti
 reso-nan
e (1H-NMR) spe
tra and 
arbon nu
lear magneti
 resonan
e (13C-NMR)spe
tra have been re
orded on a Varian Mer
ury 400 (400 MHz). Variable-Temperature NMR studies have been performed on a Bruker DMX500 (500MHz) instrument equipped with an indire
t 1H{13C dete
tion probe with gra-dients along the z axis. A standard sequen
e from Bruker software has beenused for COSY experiments (
osygpqf): a total of 128 in
rements, 4 s
ansea
h, have been 
olle
ted. Chemi
al shifts for proton are reported in parts permillion (ppm) down�eld from tetramethylsilane and are referen
ed to residualprotium in the NMR solvent (CDCl3: Æ 7.26, DMSO: Æ 2.50). Chemi
al shiftsfor 
arbon are reported in parts per million down�eld from tetramethylsilaneand are referen
ed to the 
arbon resonan
es of the solvent (CDCl3: Æ 77.0,DMSO: Æ 39.43). Data are represented as follows: 
hemi
al shift, multipli
ity(br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet),
oupling 
onstants in Hertz (Hz) and integration.� Mass spe
trometry (MS). Mass spe
tra have been obtained on di�erentspe
trometers: API 365 and API 150 from PE SCIEX, and LTQ OrbitrapVelos from Thermo S
ienti�
 �tted with an ele
tron spray ionization (ESI)sour
e via Flow Inje
tion Analysis (FIA) in (+) and (-) polarity ionizationmode depending on the sample. 103



104 Experimental Se
tion� Powder X-ray di�ra
tion (PXRD). Laboratory X-ray powder di�ra
tiondata have been 
olle
ted in di�erent instruments and 
on�gurations dependingon the required type of information:A) Panalyti
al X'Pert PRO MPD �=� of 240 mm of radius powder di�ra
-tometer transmission 
on�guration, using CuK�1+2 radiation (� = 1.5418 �A)with a fo
alizing ellipti
 mirror, de�ning a beam height of 0.4 mm, a PIX-
el dete
tor working at a maximum dete
tor's a
tive length of 3.347 deg 2�and 0.01 or 0.02 radians Soller slits. The instrument has worked at 45 kVand 40 mA. Capillary geometry has been used with the samples pla
ed in0.5 or 0.7 mm of diameter Lindemman 
apillaries measuring 2� s
ans from 2to 70 deg 2�, with a step size of 0.013 deg 2� and a measuring data 
olle
-tion time of 16 hrs (when using 0.02 soller slit) or 60 hrs (when using 0.01soller slit). When temperature dependent analyses have been performed, anOxford Cryosystems 700 series Cryostream liquid nitrogen 
riostat, enablingtemperature 
ontrol of the analysed 
apillary sample from 90 to 500 K hasbeen used.B) Panalyti
al X'Pert PRO MPD �=� of 240 mm of radius powder di�ra
-tometer transmission 
on�guration, using CuK�1+2 radiation (� = 1.5418 �A)with a fo
alizing ellipti
 mirror, de�ning a beam height of 0.4 mm, a PIX
eldete
tor working at a maximum dete
tor's a
tive length of 3.347 deg 2� and0.02 radians Soller slits. The instrument has worked at 45 kV and 40 mA. Flatgeometry has been used with the samples sandwi
hed between low absorbing�lms (poliester �lms of 3.6 mi
rometers of thi
kness) measuring 2�=� s
ansfrom 2 to 40 deg 2� with a step size of 0.026 deg 2� and a measuring time of80 se
onds per step.C) Debye-S
herrer INEL CPS-120 powder di�ra
tometer with 
apillary 
on-�guration and 
urved position sensitive dete
tor of 120 deg with horizontalgoniometer of 250 mm of radius in transmission geometry has been used.CuK�1 radiation (� = 1.54056 �A) by means of Ge (111) primary mono
hro-mator has been sele
ted. A paraboli
 multilayer mirror 'OSMIC Gutmanopti
s 13B{413' was pla
ed between the tube and the mono
hromator. Theinstrument has worked at 40 kV and 30 mA. Samples were pla
ed in 0.5 mm.diameter glass Lindemann 
apillaries. Ea
h sample was measured from 2 to115 deg 2�, with a step size of 0.029 deg 2� and a measuring time of 3600 se
-onds per step. When temperature dependent analyses have been performed,a FURCAP devi
e from INEL that enables to heat 
apillary samples fromr.t. to 523 K has been used. Data a
quisition was 
arried out at severaltemperatures in a range of r.t. to melting temperature.



6.1 Materials and equipment 105� Single 
rystal X-ray di�ra
tion (SCXRD). Laboratory single 
rystal X-ray di�ra
tion data have been 
olle
ted in two di�erent instruments dependingon the quality of the 
rystal:A) MAR345 di�ra
tometer with an image plate dete
tor has been used. In-tensities have been 
olle
ted with graphite mono
hromatized MoK� radiationusing � {s
an te
hnique. Oxford 
ryosystems 700 series 
ryostream (80 to500 K) has been required to re
ord low temperature di�ra
tion data. Afterdata 
olle
tion the 
rystal stru
ture solution has been attempted by dire
tmethods, using SHELXS97 
omputer program for determination and re�nedby full-matrix least-squares method with SHELX97 
omputer program. [395℄Re
e
tions have been assumed as observed applying the 
ondition I > 2�(I).When H atoms have been 
omputed and re�ned, a riding model with anisotropi
 temperature fa
tor equal to 1.2 time the equivalent temperaturefa
tor of the atom whi
h are linked has been applied.B) D8 Venture air-
ooled system equipped with a multilayer mono
hromatorand a Mo (� = 0.71073 �A) or Cu (� = 1.5418 �A) mi
rofo
us has been used. A2D area dete
tor PHOTON 100: a
tive area 10x10 
m2 and CMOS te
hnologywith 1024x1024 pixels, 4 
ir
le goniometer, Kappa geometry with pinhole
ollimators of 0.8 millimetres, motorized di�ra
ted beam arm with distan
essample-dete
tor from 30 to 240 mm and 
ryogeni
 system (nitrogen liquid jet)Bruker Cryo
ex working in a temperature range of 80 to 400 K has been used.Frames have been integrated with the Bruker SAINT software pa
kage usinga SAINT algorithm. Data have been 
orre
ted for absorption e�e
ts using themulti-s
an method (SADABS). The stru
tures have been solved and re�nedusing the Bruker SHELXTL Software Pa
kage, [396℄ a 
omputer programfor automati
 solution of 
rystal stru
ture and re�ned by full-matrix least-squares method with SHELXLe Version 4.8.0: a Qt graphi
al user interfa
e forSHELXL 
omputer program, [397℄ a program for 
rystal stru
ture re�nement.Re
e
tions have been assumed as observed applying the 
ondition I > 2�(I).When H atoms have been 
omputed and re�ned, a riding model with anisotropi
 temperature fa
tor equal to 1.2 time the equivalent temperaturefa
tor of the atom whi
h are linked has been applied.� Di�erential s
anning 
alorimetry (DSC). Experiments have been per-formed in three di�erent 
alorimeters: Mettler-Toledo DSC-822e, MettlerToledo DSC-30 and Perkin Elmer Diamond equipped with a model ULSP90intra
ooler. The samples have been pla
ed in aluminum 
ru
ibles of 40 �Lvolume and they have been analyzed under atmosphere of dry nitrogen with50 mL/min 
ow rate. The 
alorimeters has been 
alibrated with standards



106 Experimental Se
tionof indium, n-de
ane and benzene of 99.99% purity. Standard heating rates of10 ÆC/min have been used on the range of 30 to 350ÆC. O

asionally, otherspe
ial experimental 
onditions have been required, su
h as aluminum 
ru-
ibles of 20 or 100 �L volume, helium or air atmosphere and variable heatingrates on the range of 1 to 120 ÆC/min.� Modulated di�erential s
anning 
alorimetry (MDSC). Experimentshave been performed in a TA Instruments MDSC Q2000 
alorimeter. Thesamples have been pla
ed in aluminum 
ru
ibles of 40 �L volume and theyhave been analyzed under atmosphere of dry nitrogen with 50 mL/min 
owrate at 0.5 ÆC/min on the range of 30 to 200ÆC. Periods of 60 se
onds andamplitude of 0.08ÆC to satisfy Only Heat 
onditions.� Thermogravimetry (TGA). Thermogravimetri
 experiments have beenperformed in two di�erent instruments.- A thermo balan
e Mettler-Toledo TGA-851e. The samples have been pla
edin alumina 
ru
ibles of 70 �L volume and they have been analyzed underatmosphere of dry nitrogen with 50 mL/min 
ow rate. The mi
robalan
e hasbeen 
alibrated with indium and aluminum of 99.99% purity. A standardheating rate of 10 ÆC/min has been used in all experiments.- A Perkin Elmer TGA7. The samples have been pla
ed in alumina 
ru
ibles of70 �L volume and they have been analyzed under atmosphere of dry nitrogenwith 50 mL/min 
ow rate. A standard heating rate of 10 ÆC/min has beenused in all experiments.� Thermomi
ros
opy (Hot-stage). A Nikon polarization mi
ros
ope (NikonE
lipse 50i) equipped with a Linkam LTS350 hot stage whi
h 
an operatein the temperature range of -196-600 ÆCand digital video re
order fa
ilitieshave been used. Di�erent experimental heating and 
ooling rates have beenrequired in order to re
ord the parti
ularities of ea
h polymorphi
 system'sthermal events.� Milling: Rets
h ball mill MM2000 equipped with two metal vessels, ea
h onehaving four 2 mL 
avities is used. Two tungsten balls (diammeter 3mm) areused in ea
h experiment whi
h is performed at 30Hz for 15 or 30 minuts.6.2 Synthesis of squaramidesCommer
ial reagents were pur
hased from Sigma Aldri
h and used as re
eived.Synthesis grade quality solvents were used.



6.2 Synthesis of squaramides 107Substituted squaramides 
an be a

essed via modular synthesis under relative-ly mild 
onditions. In this work, a modular synthesis via 
ondensation [172, 398,399℄ has been used to prepare a wide variety of symmetri
al and unsymmetri
alsquaramides and monosquaramides, enabling the exploration of diverse stru
tures.Ester derivatives of squari
 a
id, espe
ially diethyl esters (i), undergo a 
onden-sation with 1 equivalent of a primary amine in a solvent su
h as diethyl ether togenerate a monosquaramide produ
t: squaramide{ester (ii). This is possible dueto the di�eren
e of solubility among the produ
ts of the rea
tion. The squaramideester has a low solubility in diethyl ether so it pre
ipitates avoiding a se
ond 
on-densation, whi
h has slower kineti
s than the �rst one. This is a 
ase of kineti
regiosele
tivity and di�erent solubility of squaramide-ester in the media. Sin
e di-ethylsquarate rea
tivity is higher than a 
onventional ester it does not require previ-ous a
tivation. [398℄ In other 
ases, when the produ
t to be obtained is a symmetri
disquaramide (iv), diethylsquarate undergo a 
ondensation with 2 equivalents of aprimary amine in ethanol. Sin
e the produ
t of 
ondensation is soluble in the medi-a, it 
an further rea
t until the disquaramide is formed and pre
ipitates in ethanol.If an asymmetri
 disquaramide is required, a two-step synthesis is performed: theprodu
t of the �rst 
ondensation with 1 equivalent of amine in ether is isolated andit rea
ts through a se
ond 
ondensation with 1 equivalent of a di�erent amine inethanol. The produ
ts are obtained by insitu 
rystallization and they 
an be iso-lated and puri�ed by �ltration and subsequent washes with ethanol or diethylether.Their purity was 
on�rmed by NMR 
omparing with data from the literature whenpossible. A s
heme summarizing the synthesis is shown in �gure 6.1.
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Fig. 6.1: S
heme of squaramides' synthesis6.2.1 Synthesis of 
ompound 1
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1Fig. 6.2: Synthesis of Dibenzylsquaramide



108 Experimental Se
tionBenzylamine (3.09 mL, 28.0 mmol) was added to a solution of diethylsquarate(1.60 g, 9.43 mmol) in absolute ethanol (66 mL) at r.t. under vigorous stirring andargon atmosphere. After 24 hours, the resulting white solid was �ltered and it waswashed with absolute ethanol (2 x 10 mL). The solid was dried under va

um toyield 99 % (2.72 g).Chara
terization of 1:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.70 (s, 2H); 7.24 (m, 10 H), 4.02 (d, J = 7Hz, 4H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ: 186.6; 171.5; 142.9; 132.6; 131.5;131.4 ; 50.8 ppm. MS: (ESI) m/z (%): 293.13 (M+H+, 100).6.2.2 Synthesis of 
ompound 2
N

NH2
OO

OO

OO

N
H

N
HN N

+

2Fig. 6.3: Synthesis of 3,4-Bis(2-methylaminopiridyl)-1,2-dioxo-3-
y
lobutene2{methylaminopyridine (2.92 mL, 28 mmol) was added to a solution of diethyl-squarate (1.60 g, 9.43 mmol) in absolute ethanol (66 mL) at r.t. under vigorousstirring and argon atmosphere. After 24 hours the resulting yellowish solid was�ltered and washed with absolute ethanol (2 x 10 mL). The solid was dried underva
uum to yield 83% (2.30 g).Chara
terization of 2:1H-NMR (CDCl3, 400 MHz) Æ: 8.49 (d, J = 4 Hz, 2H); 7.70 (m, 2H); 7.38 (d,J = 10 Hz, 2H); 7.22 (m, 2H); 4.87 (br s, 4H) ppm. 13C-NMR (CDCl3, 100 MHz)Æ: 184.3; 169.3; 157.4; 149.9; 138.2; 123.6 ; 49.9 ppm. MS: (ESI) m/z (%): 295.12(M+H+, 100).6.2.3 Synthesis of 
ompound 3
OO

OO

OO

N
H

N
H

N
+

NH2

NN

3Fig. 6.4: Synthesis of 3,4-Bis(2-ethylaminopiridyl)-1,2-dioxo-3-
y
lobutene



6.2 Synthesis of squaramides 1092-ethylaminopyridine (2.14 mL, 17.6 mmol) was added to a solution of diethyl-squarate (1.02 g, 6.0 mmol) in absolute ethanol (42 mL) at r.t. under vigorousstirring and argon atmosphere. After 24 hours, the resulting white solid was �l-tered and washed with absolute ethanol (2 x 5 mL). The solid was dried underva

um to yield 90% (1.76 g).Chara
terization of 3:1H-NMR (CDCl3, 400 MHz) Æ: 8.45 (d, J = 4 Hz, 2H); 7.70 (m, 2H); 7.24 (br s,4H); 4.02 (d, J = 5 Hz, 4H); 3.14 (t, J = 6,4 Hz, 4H) ppm. 13C-NMR (CDCl3, 100MHz) Æ: 183.9; 168.3; 122.6; 124.5; 44.0; 38.1 ppm. MS: (ESI) m/z (%): 323.15(M+H+, 100).6.2.4 Synthesis of 
ompound 4
+N

H2N

OO

OO

OO

N
H

N
H

N N

4Fig. 6.5: Synthesis of 3,4-Bis(2-dimethylamino-ethylamino)-
y
lobut-3-ene-1,2-dione2-N,N -ethylendiamine (3.09 mL, 28.29 mmol) was added to a solution of diethyl-squarate (1.60 g, 9.43 mmol) in absolute ethanol (66 mL) at r.t. under vigorousstirring and argon atmosphere. After 24 hours, the resulting white solid was �l-tered and washed with 
old absolute ethanol (2 x 10 mL). The solid was dried underva
uum to yield 84% (2.01 g).Chara
terization of 4:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.45 (s, 2H); 3.59 (m, J = 4 Hz, 4H); 2.37 (t,J = 4 Hz, 4H); 2.15 (s, 6H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ: 184.2, 169.7,58.5, 43.1, 38.4 ppm. MS (ESI) m/z (%): 255.3 (M+H+, 100).6.2.5 Synthesis of 
ompound 5A solution of methylamine 33% in ethanol (3.1 mL, 24 mmoL, 0.75 g/mL) wasadded to a solution of diethylsquarate (1.39 g, 8 mmol) in ethanol (10 mL), atr.t. under vigorous stirring and argon atmosphere. A yellowish solid pre
ipitatedimmediately and after 24 hours the solid was �ltered and washed with ethanol (2 x5 mL). The resulting solid was dried under va
uum to yield 87% (0.99 g).
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OO

OO
NH2-CH3
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5Fig. 6.6: Synthesis of 3,4-Bis-methylamino-
y
lobut-3-ene-1,2-dioneChara
terization of 5:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.3 (br, NH), 3.09 (d, J = 4 Hz, 6H) ppm.13C-NMR (DMSO-d6, 100 MHz) Æ: 183.3, 169.0, 30.9 ppm. MS (ESI) m/z (%):141.1 (M+H+, 100).6.2.6 Synthesis of 
ompound 6
OO

HN
O

OO

O
NH+

NH2 NH2

6Fig. 6.7: Synthesis of 2,7-Diaza-bi
y
lo(6.2.0)de
-1(8)-ene-9,10-dioneA solution of 1,4-diaminobutane (0.27 g, 3 mmol) in ethanol (30 mL) was addeddropwise to a stirring solution of diethylsquarate (0.52 g, 3 mmol) in ethanol (62mL) at r.t. under nitrogen atmosphere. After stirring overnight, a white pale solidwas �ltered, washed with ethanol (2 x 10 mL) and dried under va
uum to yield78% (0.39 g).Chara
terization of 6:1H-NMR (DMSO-d6, 400 MHz) Æ: 8.31 (br, 2H), 3.19 (m, 4H), 1.25 (m, 4H)ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ: 183.1, 169.1, 40.6, 24.8 ppm. MS (ESI)m/z (%): 167 (M+H+, 100).



6.2 Synthesis of squaramides 1116.2.7 Synthesis of 
ompound 7
Br Br N3 N3 NH2 NH2

N N
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Fig. 6.8: Synthesis of 3,4,9,10-Tetrahydro-3,10-diaza-benzo
y
lobuta-
y
loo
tene-1,2-dioneCompound 7 was obtained in a three-step syntheti
 route. Dibromide 7a was
onverted into the 
orresponding diazide 7b in toluene/DMF, then redu
ed to theamine 7
 with LiAlH4, and �nally 
ondensed with one equivalent of diethyl squaratein ethanol. (ii) Sodium nitride (3.72 g, 0.07 mol) was added to a stirring solutionof �; �0-Dibromo-o-xylene 7a (5.02 g, 0.02 mol) in toluene (125 mL) and DMF (125mL) and the mixture was re
uxed at 110 ÆC for 1.5 hours under nitrogen atmo-sphere. The red suspension was 
ooled down to r.t., �ltered, and washed with 
oldtoluene (30 mL). After washing with water (3 x 50 mL) and drying with anhydroussodium sulfate, the 
ombined organi
 phases were evaporated under va
uum yield-ing a vis
ous brown tinge oil 7b (88%). (ii) In a se
ond step synthesis, LiAlH4 (20mL, 1M in THF) was added dropwise to a solution of 1,2-Bis(azidomethyl)benzene7b (3 g, 0.016 mol ) in THF (180 mL). After adding water (10 mL), the mixturewas stirred for 15 min and the suspension was �ltered over 
elite. The solid waswashed with THF (3 x 20 mL) and the 
ombined organi
 fra
tions were evaporatedunder va
uum yielding a vis
ous yellowish oil 7
 (90%). (iii) In the last step of thesynthesis, a solution of 2-aminomethylbenzylamine 7
 (2g, 0.015 mol) in ethanol(550 mL) was added to a stirring solution of diethylsquarate (2.5 g, 0.015 mol) inethanol (10 mL) at r.t. under nitrogen atmosphere. The solid was �ltered, washedwith a
etone (2 x 10 mL), and dried under va
uum to yield 30%.Chara
terization of 7:1H-NMR (DMSO-d6, 400 MHz) Æ: 8.81 (s, br, 2H), 7.21 (m, J = 4 Hz, 4H), 4.37(s, 4H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ: 187.9, 173.6, 143.3, 136.2, 134.4,50.1 ppm. MS (ESI) m/z (%): 215.3 (M+H+).
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tion6.2.8 Synthesis of 
ompound 8
OO

OO
NH2-CH3

OO

NO
H

+

8Fig. 6.9: Synthesis of 3-ethoxy-4-methylamine-
y
lobut-3-ene-1,2-dione2-ethylaminopyridine (0.69 mL, 5.9 mmol) diluted in diethylether (60 mL) wasadded dropwise for three hours to a stirred solution of diethylsquarate (1.01 g,5.9 mmol) in diethylether (5 mL), at r.t. under argon atmosphere. A white solidpre
ipitated immediately and after 24 hours of stirring it was �ltered and washedwith diethylether (2 x 20 mL). The resulting solid was dried under va
uum to yield72% (1.04 g)Chara
terization of 8:1H-NMR (CDCl3, 400 MHz) Æ: 7.61 (br, 1H), 4.62 (q, J = 8Hz, 2H), 3.08 (s,3H), 1.35 (t, J = 8 Hz, 3H) ppm. MS (ESI) m/z (%): 156.1 (M+H+, 50), 178.1(M+Na+, 50).6.2.9 Synthesis of 
ompound 9
+

N
H2N

OO

NO

OO

OO

9

H
NFig. 6.10: Synthesis of 3-ethoxy-4-(2-pyridin-2-yl-ethylamino)-
y
lobut-3-ene-1,2-dioneA solution of 1,4-bis(3-aminopropyl)piperazine (0.68 g, 3.4 mmol) in diethylether(60 mL) was added dropwise for three hours to a stirred solution of diethylsquarate(1.72 g, 10.1 mmol) in diethylether (10 mL), at r.t. under argon atmosphere. Awhite solid pre
ipitated immediately and after 24 hours of stirring it was �lteredand washed with diethylether (3 x 10 mL). The resulting solid was dried underva
uum to yield 87% (3.95 g).Chara
terization of 9:1H-NMR (CDCl3, 400 MHz) Æ: 8.45 (br, 1H), 7.75 (br, 1H), 7.29 (br, 1H), 7.19(br, 1H), 4.76 (m, 2H), 4.10 (s, 1H), 3.89 (m, 1H), 3.08 (m, 2H), 1.46 (m, 3H) ppm.MS (ESI) m/z (%): 247.25 (M+H+, 100).



6.2 Synthesis of squaramides 1136.2.10 Synthesis of 
ompound 10
N
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10Fig. 6.11: Synthesis of 1,4-Bis-(3-aminopropyl)piperazine-bis-monosquaramide esterA solution of 1,4-bis(3-aminopropyl)piperazine (0.68 g, 3.4 mmol) in diethylether(60 mL) was added dropwise for three hours to a stirred solution of diethylsquarate(1.72 g, 10.1 mmol) in diethylether (10 mL), at r.t. under argon atmosphere. Awhite solid pre
ipitated immediately and after 24 hours of stirring it was �lteredand washed with diethylether (3 x 10 mL). The resulting solid was dried underva
uum to yield 87% (3.95 g).Chara
terization of 10:1H-NMR (CDCl3, 400 MHz) Æ: 8.21 (br, 1H), 8.01 (br, 1H), 7.94 (br, 1H), 7.75(br, 1H), 4.76 (q, J = 8 Hz, 4H), 3.82 (m, 2H), 3.60 (m, 2H), 2.61 (m, 12H), 1.79(m, 4H), 1.46 (t, J = 8 Hz, 6H) ppm. 13C-NMR (CDCl3, 100 MHz) Æ: 183.4, 182.2,69.6, 57.7, 53.1, 45.7, 25.1, 16.1 ppm. MS (ESI) m/z (%): 449.25 (M+H+, 100).6.2.11 Synthesis of 
ompound 11
N
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Fig. 6.12: Synthesis of 1,4-Bis-(3-aminopropyl)piperazine-bis-squaramideButylamine (0.25 g, 3.42 mmol) was added to a solution of 
ompound 10 (0.5g, 1.11 mmol) in ethanol (60 mL) at 50ÆC under stirring and argon atmosphere. Awhite solid pre
ipitates after 10 minutes and the suspension. After three hours, it



114 Experimental Se
tionwas �ltered, washed with absolute ethanol (3 x 10 mL) and dried under va
uum toyield 87% (0.49 g).Chara
terization of 11:1H-NMR (DMSO-d6, 100 MHz) Æ: 8.8 (br, 1H), 8.6 (br, 1H), 8.4 (br, 1H), 7.8(br, 1H), 4.6 (q, J=8Hz), 1.25 (m, H), 1.37 (m, H), 1.50 (m, H), 0.89 (6H, J=8Hz)ppm. MS (ESI) m/z (%): 503.3 (M+H+).16.2.12 Synthesis of 
ompound 12
N
H

N
H

OH

+
OH

H2N O O

HOO O OO

12Fig. 6.13: Synthesis of 3,4-Bis-(2-(4-hydroxy-phenyl)-ethylamino)-
y
lobut-3-ene-1,2-dioneA solution of tyramine (1.25 g, 8.85 mmol) in 15 mL of di
loromethane/MeOH(3:2) was added to a stirring solution of diethylsquarate (0.5 g, 2.94 mmol) inethanol (20 mL), at r.t. under argon atmosphere. After stirring the suspensionovernight, the white solid was �ltered, washed with ethanol (2 x 5 mL) and driedunder va
uum to yield 97% (1.01 g).Chara
terization of 12:1H-NMR (DMSO-d6, 100 MHz) Æ: 7.28 (br, 1H), 6.98 (d, 4H, J = 8 Hz), 6.67 (d,4H, J = 8 Hz), 3,63 (br, 1H), 3.2 (br, 1H), 2.67 (t, 4H, J = 8 Hz) ppm. 13C-NMR(DMSO-d6, 400 MHz) Æ: 183.11, 168.3, 156.5, 130.2, 129.2, 115.8, 45.6, 36.9 ppm.MS (ESI) m/z (%): 354.1 (M+H+).6.2.13 Synthesis of 
ompound 13Compound 13 was synthesized through a two-step sele
tive 
ondensation of N,N -dimethylethylenediamine and tyramine with diethylsquarate under mild 
onditions.A solution of N,N -dimethyletilenediamine (0.42 g, 4.76 mmol) in diethylether (60mL) was added dropwise to a solution of diethylsquarate (0.81 g, 4.76 mmol) indiethylether (5 mL) at r.t. under stirring and argon atmosphere. A white solid pre-
ipitated and the suspension was stirred overnight. The solid was �ltered, washedwith diethylether (2 x 5 mL) and dried under va
uum to yield 56 %. In a se
ondstep, a solution of tyramine (0.45 g, 3.3 mmoL) in 5 mL of MeOH:DCM (2:3) was1No 13C-NMR analysis was performed due to the very low solubility of 11 in DMSO-d6
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13aFig. 6.14: Synthesis of 3-(2-Dimethylamino-ethylamino)-4-(2-(4-hydroxy-phenyl)-ethylamino)
y
lobut-3-ene-1,2-dioneadded to a solution of squaramide ester 13a (0.35 g, 1.6 mmol) in ethanol (10 mL).After �ve minutes a solid pre
ipitated and the suspension was stirred overnightunder argon atmosphere. The solid was �ltered, washed with diethyleter (3 x 10mL) to yield 89% (0.30 g).Chara
terization of 13a:1H-NMR (CDCl3, 400MHz) Æ: 6.45 (br, 1H), 6.39 (br, 1H), 4.75 (m, 2H), 3.77(s, 1H), 3.50 (s, 1H), 2.53 (m, J = 8 Hz, 2H), 2.27 (s, 6H), 1.44 (t, J = 8 Hz, 3H)ppm. 13C-NMR (CDCl3, 400MHz) Æ: 183.2, 183.1, 168.3, 156.5, 130.3, 129.2, 115.9,59.9, 45.7, 45.5, 36.9 ppm. MS (ESI) m/z (%): 213.2 (M+H+, 100).Chara
terization of 13:1H-NMR (DMSO-d6, 400 MHz) Æ: 9.17 (br, 1H), 7.43 (br, 1H), 7.34 (br, 1H),7.0 (d, J=8Hz, 2H) 6.67 (d, J=8Hz, 2H), 3.66 (m, 4H), 2.69 (t, J=8Hz, 2H), 2.35(t, J=8Hz, 2H) ppm. 13C-NMR (DMSO-d6, 400 MHz) Æ: 183.2, 183.1, 168.3, 156.5,130.3, 129.2, 115.9, 59.9, 45.7, 45.5, 36.9 ppm. MS (ESI) m/z (%): 304.2 (M+H+,100).6.2.14 Synthesis of 
ompound 14A solution of aminobutane (0.55 g, 6 mmol) in ethanol (3 mL) was added to astirring solution of diethylsquarate (1.07 g, 6 mmol) in ethanol (25 mL) underargon atmosphere. A white solid pre
ipitated in a few minutes and the suspensionwas stirred overnight. The white solid was �ltered, washed with diethyleter (2 x 5mL) and dried in the oven under va
uum to yield 89% (0.93 g).Chara
terization of 14:MS (ESI) m/z (%): 333.2 (M+H+), 355.1 (M+Na).22No 1H-NMR nor 13C-NMR was performed due to insolubility of 14 in DMSO-d6 and D2O.
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Fig. 6.15: Synthesis of 2,7,12,17-Tetraaza-tri
y
lo(16.2.0.08;11)ei
osa-1(18),8(11)-diene-9,10,19,20-tetraone6.2.15 Synthesis of 
ompound 15
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Fig. 6.16: Synthesis of 
y
loaminopropylpiperazinesquaramideA solution of 1,4-bis(3-aminopropyl)-piperazine (2.13 g, 10.63 mmoL) in ethanol(3 mL) was added to a stirring solution of diethylsquarate (1.09 g, 6.4 mmol) inethanol (41 mL) under argon atmosphere. A white solid pre
ipitated in a fewminutes and the suspension was stirred overnight. The white solid was �ltered,washed with ethanol (2 x 10 mL) and dried in the oven under va
uum to yield 49%(0.87 g).Chara
terization of 15:MS (ESI) m/z (%): 557.1 (M+H+).3
3No 1H-NMR nor 13C-NMR was performed due to insolubility of 15 in DMSO-d6 and D2O.
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ompound 16
N
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16a

16a 16Fig. 6.17: Synthesis of 
y
loaminopropylpiperazinesquaramideA solution of N,N -diethylethylenediamine (0.57 g, 3.9 mmoL) in diethyl ether(85 mL) was added dropwise to a stirring solution of diethylsquarate (2.01 g, 11.8mmol) in diethyl ether (2 mL) under argon atmosphere. A white solid pre
ipitatedand the suspension was stirred overnight. The white solid was �ltered, washed withethanol (2 x 10 mL) and dried in the oven under va
uum to yield 92% (1.43 g).A solution of N,N -diethylethylenediamine (0.49 g, 3.4 mmoL) in ethanol (30 mL)was added dropwise to a stirring solution of 16a (1.34 g, 3.40 mmol) in ethanol (130mL) under argon atmosphere. A white solid pre
ipitated and the suspension wasstirred overnight. The white solid was �ltered, washed with ethanol (2 x 10 mL)and a
etone (2 x 10 mL) dried in the oven under va
uum to yield 82% (1.25 g).Chara
terization of 16:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.20 (br, NH), 2.41 (m, 8H), 2.21 (m, 4H),2.10 (s, 6H), 1.68 (m, 14H) ppm. MS (ESI) m/z (%): 448.2 (M+H+, 100).6.3 Synthesis of squarate salts and amidosquari
a
id derivativesIn this work, derivatives of squari
 a
id have also been synthesized in order to ana-lyze their solid state properties and interesting 
hemi
al e�e
ts. Sin
e squaramidesare very diÆ
ult to hydrolize and diethylsquarate hydrolizes easily to squari
 a
id,amidosquari
 a
ids were synthesized from squari
 a
id under aqueous 
ondition-s. [184, 400℄ Squari
 a
id (i) rea
ts with 1 equivalent of a primary amine in waterunder re
ux (it is insoluble in water at r.t.) for minimum three hours to generatea monoamidosquari
 a
id (ii). It has been noted that the salt formation between
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tionsquari
 a
id and the 
orresponding amine (iii) [401℄ is a kineti
ally 
ompetitiverea
tion whi
h is faster and in some 
ases longer periods of time were requiredto obtain amidosquari
 a
id instead of the salt. All the produ
ts are obtained byinsitu 
rystallization and they 
an be isolated and puri�ed by �ltration and sub-sequent washes with ethanol or diethylether. Their purity was 
on�rmed by NMR
omparing with data from the literature when possible. A s
heme summarizing thesynthesis is shown in �gure 6.18.
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-Fig. 6.18: S
heme of hydrolized squaramides' synthesis and their salts6.3.1 Synthesis of 
ompound 17
OO

N
H

HO
N

+
OO

OHHO
H2N

N

17Fig. 6.19: Synthesis of 3-(2-Dimethylamino-ethoxy)-4-hydroxy-
y
lobut-3-ene-1,2-dioneCompound 12 was prepared from a mixture of N,N -dimethylethylenediamine(0.47 g, 7.34 mmol) and squari
 a
id (0.84 g, 8.86 mmol) in water (25 mL). Afterre
uxing the solution at 100 ÆC for three hours, the yellowish solution was 
ooleddown to r.t. and yellowish needles 
rystallized in 24h. The solid was �ltered andwashed with diethylether (3 x 2 mL) to yield 90% (1.47 g).Chara
terization of 17:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.97 (t, J = 8 Hz, 1H), 3.70 (q, J = 8Hz,2H), 3.25 (q, J = 8 Hz, 2H), 2.80 (s, 6H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ:194.8, 190.3, 176.8, 57.7, 43.2, 40.0 ppm. MS (ESI) m/z (%): 185.1 (M+H+, 100).6.3.2 Synthesis of 
ompound 18A mixture of squari
 a
id (2.01 g, 17.6 mmol) and benzylamine (1.89 g, 17.6 mmol)in water (25 mL) was re
uxed for three hours at 100 ÆC and after that time it was
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OO

OH-O

+
OO

OHHO

18

NH2 NH3
+

Fig. 6.20: Synthesis of squarate : dibenzylamine saltslowly 
ooled down to r.t. The resulting 
rystals were �ltered, washed with a
etone(2 x 5 mL) and dried under va
uum overnight to yield 97% ( 3.21 g).Chara
terization of 18:1H-NMR (DMSO-d6, 400 MHz) Æ: 8.18 (br, NH), 7.42 (m, 6H), 4.03 (s, 2H)ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ: 197.1, 134.7, 129.3, 43.1 ppm. MS (ESI)m/z (%): 108.2 (C7H9N+H+, 100), 112.1 (C4H2O4-2H+, 100).6.3.3 Synthesis of 
ompound 19
OO

O--O

+
OO

OHHO

19

N
N

H2N

NH2

N
N

+H3N

NH3
+Fig. 6.21: Synthesis of squarate : 1,4-bis(3-aminopropyl)piperazine saltAmixture of squari
 a
id (0.50 g, 4.4 mmol) and 1,4-bis(3-aminopropyl)piperazine(0.44 g, 2.2 mmol) in water (25 mL) was re
uxed for three hours at 100 ÆC andafter that time it was slowly 
ooled down to r.t. The resulting 
rystals were �ltered,washed with a
etone (2 x 5 mL) and dried under va
uum overnight to yield 80%(0.54 g).Chara
terization of 19:1H-NMR (DMSO-d6, 400 MHz) Æ: 4.65 (s, 8H), 3.06 (m, 8H), 2.92 (t,J=8 Hz,4H), 2.85 (t, J=8 Hz, 4H), 1.89 (m, 4H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ:202.5, 53.7, 37.2, 22.6 ppm.6.3.4 Synthesis of 
ompound 20A mixture of squari
 a
id (0.20 g, 1.7 mmol) and diethylamine (1.28 g, 1.7 mmol)in water (10 mL) was re
uxed for four hours at 100ÆC and it was slowly 
ooleddown to r.t. The resulting yellowish oil was re
rystallized in water at 70ÆC and the
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OO

OO

N
H

OO

O-N
+

20

+H2N

Fig. 6.22: Synthesis of diethylamidosquari
 a
id : diethylamine saltsolution was slowly 
ooled down to 5-8ÆC. Single 
rystals of 20 were �ltered andanalyzed by SXRD.Chara
terization of 20:By single X-ray di�ra
tion (see appendix C.2.19).6.3.5 Synthesis of 
ompound 21
OO

O-HO

+
OO

OHHO

21

OH

H2N

OH

+H3NFig. 6.23: Synthesis of squarate : tyramine saltA mixture of squari
 a
id (1.09 g, 9.6 mmol) and tyramine (0.94g, 8.7 mmol)in water (25 mL) was re
uxed for three hours at 100 ÆC and it was slowly 
ooleddown to r.t. The resulting 
rystals were �ltered, washed with a
etone (2 x 5 mL)and dried under va
uum overnight to yield 80% (1.93 g).Chara
terization of 21:1H-NMR (DMSO-d6, 400 MHz) Æ: 7.91 (br, OH), 7.0 (d, J = 8Hz, 1H), 6.7 (d,J = 8 Hz, 2H), 2.9 (m, 2H), 2.5 (m, 2H) ppm. 13C-NMR (DMSO-d6, 100 MHz) Æ:197.0, 156.9, 130.3, 127.8, 116.0, 32.9 ppm.6.3.6 Synthesis of 
ompound 22Compound 22 was obtained by re
rystallization of 18 and it was 
hara
terized onlyby SXRD.



Chapter 7
Con
lusions
This thesis has 
ontributed to a better understanding of the solid state stru
turalissues of squari
 a
id derivatives and their appli
ability to the design of new materi-als. A multidis
iplinary work has been developed 
ombining approa
hes from areassu
h as 
rystal engineering, supramole
ular 
hemistry and 
rystallography. 47 poly-morphs, solvates, 
o
rystals and salts from 22 squari
 a
id derivative 
ompoundshave been obtained and 31 
rystal stru
tures have been solved and analyzed. Theoptimization of a metodology for solving 
rystal stru
tures from laboratory powderdi�ra
tion data by means of dire
t spa
e methods has permitted to over
ome thediÆ
ulty of dise
ondary squaramides to 
rystallize as good quality single-
rystals.The following 
on
lusions 
an be extra
ted:� Cooperativity in hydrogen-bonded 
atemers plays a 
ru
ial role in de�n-ing the robust solid-state synthon in anti/anti 
on�guration of dise
ondarysquaramides, overriding the preferred asso
iation mode in solution. Conse-quently, the self assembling of the squaramide rings is a very strong bindingmotif, whi
h has been proven diÆ
ult to be perturbed by other 
ompetingfun
tional groups in the solid state.� Se
ondary squaramides 
an a
t as mole
ular s
a�olds in the design of new
o
rystals with a suitable fun
tionalization of the se
ondary squaramide sub-stituents.� Self-assembling squaramides 
an be used for the formation of new heli
oidaltopologies in the solid state.� Ele
trostati
 
ompression phenomenon observed in zwitterioni
 squaramidesis responsible for a robust supramole
ular synthon whi
h allows the formationof multi
omponent solids. 121



122 Con
lusionsIn summary, all these 
on
lusions show that the squari
/squaramide fun
tionalgroup, poorly studied in the solid state, has interesting properties whi
h 
an beexploited for the design and synthesis of new and diverse 
rystalline materials.
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Appendix A
Experimental polymorphs
reening
The experiments performed in the polymorph s
reening for ea
h squari
 a
id deriva-tive are summarized in this appendix, in whi
h an experimental method examplefor ea
h new solid form is also des
ribed. Their PXRD, DSC, TGA, 1H-NMR and
rystallographi
 data are shown in appendix C.2.19. In all tables the followingnomen
lature has been used; X: no experiment was performed, - : experiment per-formed but no solid 
rystallized, 1: eviden
es of a new phase, 2: single 
rystal,CSS: 
rystallization experiments of the dissolutions obtained from the solubilitystudy, PHT: pre
ipitation experiments by rapid 
ooling from high to low temper-ature, CHT: 
rystallization experiments by slow 
ooling from high temperature tor.t., CRT: 
rystallization experiments by evaporation at r.t., CSE: 
rystallizationexperiments by seeding at r.t., PAA: pre
ipitation experiments by rapid addition ofantisolvent at r.t. and CAD: 
rystallization experiments by antisolvent di�usion atr.t. In the solubility tables the following nomen
lature has been used; S: soluble, I:insoluble and PS: partially soluble.
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148 Experimental polymorph s
reeningA.1 Compound 1Tab. A.1: Solubility of 1Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 IEtOH 78 1.0 IETG 197 1.0 IACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 S (r.t.)DMF 153 1.0 S (70ÆC)DMSO 189 1.0 S (40ÆC)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.2: Slurry experiments of 1from the solubility studySolvent ResultMeOH Forms II/IIIaEtOH Forms II/IIIETG Forms II/IIIACN Forms II/IIIA
etone Forms II/IIIH2O Forms II/IIIHeptane Forms II/IIIToluene Forms II/IIIEt2O Forms II/IIITHF Forms II/IIIDioxane Forms II/IIIDCM Forms II/IIICHCl3 Forms II/IIIaResult from DSC analysisTab. A.3: Pre
ipitation and 
rystallization ex-periments of 1Solvent PHT CHT CRTDMF Form I Form I 2 (Form I)DMSO Form II/III Form II/III Form ITab. A.4: Pre
ipitation and 
rystallization experimentsof 1 by antisolvent additionAntisolvent PAA CADH2O Form II/III Form II/III Form I XDCM Form I Form I X 1Dioxane Form I Form I X 2 (Form III)Toluene Form I Form I X 2 (Form III)ETG Form I Form II/III X XEtOH Form I Form II/III X XTHF Form I Form I X XACN Form I Form II/III X XA
etone Form I Form II/III Form I XMeOH Form I Form I Form I XEt2O Form I Form II/III X 2 (Form II)Solvent DMF DMSO DMF DMSOPreparation of the new forms of 1� Form ICompound 1 (10.2 mg, 0.03 mmol) was dissolved in DMF (0.5 mL) at 70ÆCandthe solution was slowly 
ooled down to r.t. Needle-shaped 
rystals of form Iappeared after 13 days.



A.2 Compound 2 149� Form IIDiethyl ether (2 mL) was let to di�use into a solution of 1 (10.9 mg, 0.03mmol) in DMSO (1.0 mL) at r.t. Needle-shaped 
rystals of form II appearedafter 15 days.� Form IIIDioxane (2 mL) was let to di�use into a solution of 1 (10.1 mg, 0.03 mmol)in DMSO (1.0 mL) at r.t. Needle-shaped 
rystals of form III appeared after30 days.
A.2 Compound 2Tab. A.5: Solubility of 2Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 S (40ÆC)EtOH 78 1.0 S (40ÆC)ETG 197 1.0 S (70ÆC)ACN 82 1.0 S (70ÆC)A
etone 56 1.0 IH2O 100 1.0 S (70ÆC)DMF 153 0.4 S (r.t.)DMSO 189 0.4 S (r.t.)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 S (50ÆC)Dioxane 101 1.0 S (80ÆC)DCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.6: Slurry experi-ments of 1 from the solubilitystudy Solvent ResultA
etone Form IHeptane Form IToluene Form IEt2O Form IDCM Form ICHCl3 Form I
Tab. A.7: Pre
ipitation and 
rystallization experiments of 2Solvent CSS PHT CHT CRT CSEMeOH Form I Form I Form I X XEtOH Form I Form I Form I X XETG - - Form I X XACN Form I Form I Form I X XH2O Form I Form I Form I X XDMF - - - Form I XDMSO - - - Form I XTHF Form I Form I Form I X 2 (Form I)Dioxane Form I Form I Form I X X



150 Experimental polymorph s
reeningTab. A.8: Pre
ipitation and 
rystallization experimentsof 2 by antisolvent additionAntisolvent PAA CADH2O Form I Form I Form I -DCM - - X XDioxane Form I - X XToluene Form I - - 2 (Form I)ETG - - X XEtOH Form I - - -THF - - X XACN Form I - - -A
etone - - X XMeOH - - X XEt2O Form I - - Form ISolvent DMF DMSO DMF DMSOPreparation of the new forms of 2� Form IToluene (2 mL) was let to di�use into a solution of 2 (10.3 mg, 0.03 mmol) inDMF (1.0 mL) at r.t. Plate-shaped 
rystals of form I appeared after 15 days.� Form IIForm II of 2 
ould only be obtained by heating form I from r.t. to 175ÆCinthe DSC 
ru
ible under nitrogen.
A.3 Compound 3Tab. A.9: Solubility of 3Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 S (35ÆC)EtOH 78 1.0 S (70ÆC)ETG 197 1.0 S(50ÆC)ACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 PS (90ÆC)DMF 153 0.5 S (r.t.)DMSO 189 0.5 S (r.t.)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.10: Slurry experi-ments of 3 from the solubilitystudy Solvent ResultA
etone Form IACN Form IHeptane Form IToluene Form IEt2O Form ITHF Form IDioxane Form IDCM Form ICHCl3 Form I



A.3 Compound 3 151Tab. A.11: Pre
ipitation and 
rystallization experiments of 3Solvent CSS PHT CHT CRT CSEMeOH Form I Form I Form I Form I XEtOH Form I Form III Form I Form I XETG Form I - Form I Form I XH2O X Form IV Form I Form I XDMF - Form I Form I Form I -DMSO - Form I Form I Form I 2 (Form I)Tab. A.12: Pre
ipitation and 
rystallization experimentsof 3 by antisolvent additionAntisolvent PAA CADH2O - Form I - Form IDCM - - - -Dioxane Form I - - -Toluene Form I Form I Form I -THF - Form I - -ACN Form I Form I - Form IA
etone Form I - Form I Form IEt2O Form I - - -Solvent DMF DMSO DMF DMSOPreparation of the new forms of 3� Form IA solution of 3 (10.5 mg, 0.03 mmol) in DMSO (0.5 mL) was kept in anopened vial at r.t. Needle-shaped 
rystals of form I 
rystallized after 21 days.� Form IIForm II of 3 
ould only be obtained by heating form I from r.t. to 215ÆCinthe DSC 
ru
ible under nitrogen.� Form IIIA solution of 3 (10.3 mg, 0.03 mmol) in ethanol (1.0 mL) at 70ÆCwas rapidly
ooled down to 0ÆC. The solid was �ltered and dried under va
uum.� Form IVA solution of 3 (10.3 mg, 0.03 mmol) in water (1.5 mL) at 90ÆCwas rapidly
ooled down to 5-10ÆC. The solid was �ltered and dried under va
uum.



152 Experimental polymorph s
reeningA.4 Compound 4Tab. A.13: Solubility of 4Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 S (r.t.)EtOH 78 1.0 S (r.t.)ETG 197 1.0 S (60ÆC)ACN 82 1.0 S (70ÆC)A
etone 56 1.0 IH2O 100 0.5 S (r.t.)DMF 153 0.5 S (r.t.)DMSO 189 0.5 S (r.t.)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 PS (50ÆC)

Tab. A.14: Slurry experi-ments of 4 from the solubilitystudySolvent ResultA
etone Forms I+�Heptane Forms I+�Toluene Forms I+�Et2O Forms I+�THF Forms I+�Dioxane Forms I+�DCM Forms I+�CHCl3 Forms I+�
Tab. A.15: Crystallization experiments of 4Solvent CSS CHTMeOH Forms I+� Forms I+�EtOH Forms I+� Forms I+�ETG Forms I+� Forms I+�ACN Forms I+� 2 (Form III)H2O Forms I+� Forms I+�DMF Forms I+� Forms I+�DMSO Forms I+� Forms I+�Tab. A.16: Crystallization experiments of 4 by antisolvent additionAntisolvent CADDCM Forms I+� Forms I+� - 17 X Forms I+� -(form III)THF Forms I+� Forms I+� X 17 - Forms I+� Forms I+�(form III)A
etone Forms I+� Forms I+� - - X Forms I+� Forms I+�Et2O Forms I+� - Forms I+� X X Forms I+� Forms I+�Pentane X X Forms I+� X X X XHeptane X X X - - X XDioxane X X X - - X XToluene X X X - - X XSolvent ACN EtOH MeOH H2O ETG DMF DMSOPreparation of the new forms of 4� Form II1Form II of 4 was obtained from the 
o
rystallization experiments. (See ap-pendix B.8).1Form I 
ould not be obtained pure.



A.5 Compound 5 153� Form IIIA solution of 4 (10.1 mg, 0.03 mmol) in ACN (1.0 mL) at 70ÆCwas slowly
ooled down to r.t. The vial 
ontaining the solution was kept sealed untilneedle-shaped 
rystals appeared after 15 days.� Form III of 17Interestingly, form III of 17 was obtained from the polymorph s
reening of 4.DCM or THF (2 mL) were let to di�use at r.t. into a solution of 4 in water(10.4 mg, 0.04 mmol). After 18 months needle-shaped 
rystals appeared.2
A.5 Compound 5Tab. A.17: Solubility of 5Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 IEtOH 78 1.0 IETG 197 1.0 S (90ÆC)ACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 S (70ÆC)DMF 153 1.0 S (60ÆC)DMSO 189 1.0 S (40ÆC)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.18: Slurry experi-ments of 5 from the solubilitystudy Solvent ResultMeOH Form IEtOH Form IACN Form IA
etone Form IHeptane Form IToluene Form IEt2O Form ITHF Form IDioxane Form IDCM Form ICHCl3 Form I
Tab. A.19: Pre
ipitation and 
rystallization ex-periments of 5Solvent CSS PHTa CHTDMSO Form I Form I Form IDMF Form I Form I XETG - - XH2O Form I Form I Form IaPre
ipitations from high T to 10ÆC2Sin
e disquaramides are so diÆ
ult to hydrolyze, we suspe
t that tra
es of squari
 a
id rea
tedwith tra
es of amine to produ
e 17 
ontaminated with 4 in the same bat
h.



154 Experimental polymorph s
reeningTab. A.20: Pre
ipitation and 
rystallization ex-periments of 5 by antisolvent di�usionAntisolvent PAA CADDCM Form I Form IDioxane Form I Form IToluene Form I Form ICHCl3 Form I Form ITHF Form I Form IACN Form I Form IMeOH Form I Form IEt2O Form I Form IMEK Form I Form IA
OEt Form I 2 (Form I)MTBE Form I Form IPentane Form I Form ISolvent DMSOPreparation of the new form of 5� Form IA
OEt was let to di�use at r.t. into a solution of 5 (5.1 mg, 0.03 mmol) inDMSO (0.5 mL), whi
h was prepared at 40ÆCand 
ooled down to r.t. Needle-shaped 
rystals of form I appeared after 30 days.
A.6 Compound 7Tab. A.21: Solubility of 7Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 IEtOH 78 1.0 IETG 197 1.0 IACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 IDMF 153 1.0 S (r.t.)DMSO 189 0.2 S (r.t.)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 IA
eti
 a
id 118 0.1 S (r.t.)TFE 74.0 0.5 S (r.t.)

Tab. A.22: Slurry experi-ments of 7 from the solubilitystudy Solvent ResultMeOH Form IEtOH Form IETG Form IACN Form IA
etone Form IH2O Form IHeptane Form IToluene Form IEt2O Form ITHF Form IDioxane Form IDCM Form ICHCl3 Form I



A.7 Compound 8 155Tab. A.23: Crystallization experi-ments of 7 by antisolvent di�usionAntisolvent CADDCM Form I Form IDioxane Form I Form IToluene Form I Form IEtOH - XACN - 2 (Form I)A
etone Form I Form IMeOH - Form IEt2O Form I Form IDIE - XMEK Form I XA
OEt Form I Form ISolvent DMSO A
eti
 a
idPreparation of the new form of 7� Form IA
etonitrile was let to di�use at r.t. into a solution of 7 (6.5 mg, 0.046 mmol)in a
eti
 a
id (0.5 mL). Needle-shaped 
rystals of form I appeared after 60days.
A.7 Compound 8Tab. A.24: Solubility of 8Solvent B.p. (ÆC) V (mL) ResultMeOH 65 0.1 S (r.t.)EtOH 78 0.1 S (r.t.)ACN 82 1.0 PS (70ÆC)DMF 153 0.1 S (r.t.)DMSO 189 0.1 S (r.t.)DCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.25: Slurry experi-ments of 8 from the solubilitystudy Solvent ResultDCM Form ICHCl3 Form I
Tab. A.26: Pre
ipitation and 
rystallization ex-periments of 8Solvent CSS PHT CHTMeOH Form I Form I Form IEtOH Form I Form I 2 (Form I)ACN Form I Form I Form IDMSO Form I X Form IDMF Form I X Form I



156 Experimental polymorph s
reeningTab. A.27: Crystallization experi-ments of 8 by antisolvent di�usionAntisolvent PAA CADEt2O Form I Form IPentane Form I Form ISolvent MeOH
Preparation of the new form of 8� Form IA solution of 8 (20.1 mg, 0.13 mmol) in ethanol (0.1 mL) at 50ÆCwas 
ooleddown to r.t. Needle-shaped 
rystals of form I appeared after 3 days.
A.8 Compound 9Tab. A.28: Solubility of 9Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 S (r.t.)EtOH 78 1.0 S (50ÆC)ETG 197 1.0 S (r.t.)ACN 82 1.0 PS (80ÆC)A
etone 56 1.0 PS (50ÆC)H2O 100 1.0 S (60ÆC)DMF 153 1.0 S (70ÆC)DMSO 189 1.0 S (40ÆC)Heptane 98 1.0 IToluene 111 1.0 PS (90ÆC)Et2O 34 1.0 ITHF 66 1.0 PS (60ÆC)Dioxane 101 1.0 PS (90ÆC)DCM 39 1.0 PS (r.t.)CHCl3 61 1.0 S (r.t.)MIBK 116 1.0 ICy
lohexane 81 1.0 IPentane 36 1.0 IMTBE 55 1.0 IXylene 138 1.0 IipOH 82 1.0 PS (80ÆC)A
OEt 77 1.0 PS (80ÆC)n-BuOH 118 1.0 S (80ÆC)MIBK 116 1.0 PS (90ÆC)

Tab. A.29: Slurry experi-ments of 9 from the solubilitystudy Solvent ResultEt2O Form IHeptane Form ICy
lohexane Form IPentane Form IMEK Form IMIBK Form IMTBE Form IXylene Form I



A.8 Compound 9 157Tab. A.30: Pre
ipitation and 
rystallization ex-periments of 9Solvent CSS PHT CHTMeOH Form I Form I XEtOH Form I Form I 2 (Form I)ETG - X XACN Form I Form I Form IA
etone Form I Form I Form IH2O Form I X Form IDMF Form I X Form IDMSO Form I X Form IToluene Form I Form I Form ITHF Form I Form I Form IDCM Form I X Form ICHCl3 Form I - Form IDioxane Form I X Form IipOH Form I Form I Form IA
OEt Form I Form I Form In-BuOH Form I X Form IMIBK Form I Form I Form IPreparation of the new form of 9� Form ICompound 9 (10.1 mg, 0.041 mmol) was dissolved in ethanol (1.8 mL) at50ÆC. The solution was slowly 
ooled down to r.t. Needle-shaped 
rystalsappeared after two days.



158 Experimental polymorph s
reeningA.9 Compound 10
Tab. A.31: Solubility of 10Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 S (r.t.)EtOH 78 1.0 S (40ÆC)ETG 197 1.0 S (90ÆC)ACN 82 1.0 S (40ÆC)A
etone 56 1.0 S (40ÆC)H2O 100 1.0 S (90ÆC)DMF 153 1 S (r.t.)DMSO 189 1 S (70ÆC)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 S (60ÆC)Dioxane 101 1.0 S (70ÆC)DCM 39 1.0 S (r.t.)CHCl3 61 1.0 S (r.t.)ipOH 82 1.0 S (50ÆC)tBuOH 82 1.0 S (90ÆC)n-BuOH 118 1.0 S (50ÆC)MIBK 116 1.0 S (90ÆC)DME 85 1.0 S (70ÆC)MEK 55 1.0 PS (60ÆC)

Tab. A.32: Slurry experi-ments of 10 from the solubil-ity studySolvent ResultHeptane Form IEt2O Form IToluene Form IICy
lohexane Form IMEK Form IPentane Form IMIBK Form IA
OEt Forms I+IIDIE Forms I+IIXylene Forms I+IIMTBE Form II

Tab. A.33: Pre
ipitation and 
rystallization ex-periments of 10Solvent CSS PHT CHTMeOH Form II Form I XEtOH Form II Form I Form IIETG 1 - XACN Form II Form I XA
etone Form II Form I XH2O Form III X XDMF - X XDMSO 1 X XTHF Form I Forms I+II XDioxane X X Form IIDCM Forms I+II Form I XCHCl3 Form I Forms I+II XipOH Form II Form I Form ItBuOH Form II X Xn-BuOH Form II Form I Form IMIBK Form II 1 XDME Form II Form I XMEK Form II Form I X



A.10 Compound 11 159Tab. A.34: Crystallization experi-ments of 10 by antisolvent di�usionAntisolvent CADEt2O Form IIPentane Form IIA
OEt Form IIMEK Form IIMTBE Form IIDIE Form IISolvent EtOHPreparation of the new forms of 10� Form IForm I was obtained from the synthesis of 10. (See 6.3.6)� Form IIDiethyl ether was let to di�use into a solution of 10 (10.1 mg, 0.02 mmol) inethanol (1.5 mL) at r.t. The solid was �ltered and dried under va
uum.
A.10 Compound 11Tab. A.35: Solubility of 11Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 IEtOH 78 1.0 IETG 197 1.0 IACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 IDMF 153 1.0 S (120ÆC)DMSO 189 1.0 S (120ÆC)Heptane 98 1.0 IToluene 111 1.0 ITHF 66 1.0 IDioxane 101 1.0 ICHCl3 61 1.0 IipOH 82 1.0 ItBuOH 82 1.0 In-BuOH 118 1.0 IMIBK 116 1.0 IDME 85 1.0 IMEK 55 1.0 ITFE 78 1.0 S (r.t.)A
eti
 a
id 118 1.0 S (70ÆC)

Tab. A.36: Slurry experi-ments of 11 from the solubil-ity studySolvent ResultMeOH Form IEtOH Form IETG Form IACN Form IA
etone Form IH2O Form IHeptane Form IToluene Form ITHF Form IDioxane Form ICHCl3 Form IipOH Form ItBuOH Form In-BuOH Form IMIBK Form IDME Form IMEK Form I



160 Experimental polymorph s
reening
Tab. A.37: Pre
ipitation and 
rystal-lization experiments of 11Solvent/s CSS CHTDMSO Form I XETG/DMF X Form IDMF Form I Form IDMSO/DMF X Form IA
eti
 a
id Form I Form ITFE Form I Form IA
eti
 a
id/H2O X Form I

Tab. A.38: Crystallization experiments of11 by antisolvent di�usionAntisolvent PAA CADEt2O X Form I Form IDCM X Form I Form IMIBK X Form I XPentane X Form I Form IMeOH X Form I Form IMEK X X Form IA
etone X X Form ITHF X X Form ICHCl3 X X Form IDMSO Form I X Form ISolvent TFE A
eti
 a
id TFE
Preparation of the new form of 11� Form IA solution of 14 (10.3 mg, 0.02 mmol) with DMSO (2 mL) was prepared at120ÆCand it was let to 
ool down to r.t. The solid was �ltered and dried underva
uum.
A.11 Compound 12Tab. A.39: Solubility of 12Solvent B.p. (ÆC) V (mL) ResultMeOH 65 1.0 IEtOH 78 1.0 IETG 197 1.0 IACN 82 1.0 IA
etone 56 1.0 IH2O 100 1.0 PS (90ÆC)DMF 153 1 S (90ÆC)DMSO 189 1 S (60ÆC)Heptane 98 1.0 IToluene 111 1.0 IEt2O 34 1.0 ITHF 66 1.0 IDioxane 101 1.0 IDCM 39 1.0 ICHCl3 61 1.0 I

Tab. A.40: Slurry experi-ments of 12 from the solubil-ity studySolvent ResultMeOH Form IIEtOH Form IIETG Form IIACN Form IIA
etone Form IIHeptane Form IIToluene Form IIEt2O Form IITHF Form IIDioxane Form IIDCM Form IICHCl3 Form II



A.11 Compound 12 161Tab. A.41: Crystallization experi-ments of 12 by antisolvent di�usionAntisolvent CADMeOH 1DIE 1THF 1Et2O 1Pentane 1A
OEt -MEK 1MTBE -DIE 1DCM 1CHCl3 1THF -ACN -ipOH 1H2O 1EtOH 2 (Form III)Solvent DMSO
Preparation of the new forms of 12� Form IForm I was obtained from the 
o
rystallization experiments with pyridine (Seeappendix B.8).� Form IIForm II was obtained from the synthesis of 12 in ethanol (See 
hapter 6.3.6).� Form IIIEthanol (2 mL) was let to di�use into a solution of 12 in DMSO at r.t.Needle-shaped 
rystals appeared after three months.� Form IVForm IV was obtained from the 
o
rystallization experiments (See appendix B.8).



162 Experimental polymorph s
reeningA.12 Compound 17
Tab. A.42: Solubility of 17Solvent B.p. (ÆC) V (mL) ResultH2O 100 1.0 S (80ÆC)DMSO 189 1.0 S (r.t.)Tab. A.43: Crystallization experiments of 17Solvent CSS CHTH2O Form I 1DMSO Form I Form I

Tab. A.44: Crystallization experi-ments of 17 by antisolvent di�usionAntisolvent CADMeOH -THF Form IEt2O Form IPentane -A
OEt Form IMEK Forms I+IIMTBE 2 (Form II)DIE 1DCM 1CHCl3 1ACN Form IToluene 1Dioxane 2 (Form I)Solvent DMSOPreparation of the new forms of 17� Form IDioxane (2 mL) was let to di�use at r.t. into a solution of 17 (5.0 mg, 0.03mmol) in DMSO (0.5 mL), whi
h was prepared at 40ÆCand 
ooled down tor.t. Needle-shaped 
rystals of form I appeared after 15 days.� Form IIMTBE (2 mL) was let to di�use at r.t. into a solution of 17 (5.0 mg, 0.03mmol) in DMSO (0.5 mL), whi
h was prepared at 40ÆCand 
ooled down tor.t. Needle-shaped 
rystals of form II appeared after 15 days.� Form IIIForm III of 17 was obtained during the polymorph s
reening of 4 (See A.4).



Appendix B
Experimental 
o
rystal s
reening
The experiments performed in the 
o
rystal s
reening for ea
h squari
 a
id deriva-tive are summarized in this annex, in whi
h an experimental method example forthe obtention of ea
h new solid form is also des
ribed. Their PXRD, DSC, TGA,1H-NMR or 13C-NMR and 
rystallographi
 data are shown in annex III. The 
rys-tal stru
ture solution of the new forms is des
ribed in annex IV. In all tables thefollowing nomen
lature has been used; X: no experiment was performed, - : exper-iment performed but no solid 
rystallized, 0: no 
o
rystal obtained, 1: eviden
esof a new phase or mixture of phases, 2: single 
rystal, DG: drop grinding experi-ments, RC: rea
tion 
rystallization experiments, CHT: 
rystallization experimentsby slow 
ooling from high temperature to r.t., CAD: 
rystallization experiments byantisolvent di�usion at r.t., PHT: pre
ipitation experiments by rapid 
ooling fromhigh T to r.t., CRT: 
rystallization experiments by evaporation at r.t.Ea
h new form is 
on�rmed by SXRD or PXRD and 1H-NMR and it is identi�edby the number of squari
 a
id derivative (1,2...), number of 
oformer (I, II...) andpolymorphi
 form (A, B...).
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164 Experimental 
o
rystal s
reeningB.1 Coformers

Fig. B.1: List of 
oformers used in this work (Des
ription a

ording to Sigma Aldri
h)



B.2 Compound 2 165B.2 Compound 2Tab. B.1: Drop grinding experimentsof 2 and sele
ted 
oformers (DG)Solvent CoformerFA RE NAEtOH 1 0 -Tab. B.2: Rea
tion 
rystallization experiments of 2 and sele
ted 
oformers (RC)Solvent CoformerFA PNBA GRA GMA OA CA SQA REEtOH 2-I-A 2-II - 0 1 - 1 0Tab. B.3: Crystallization experiments of 2 andsele
ted 
oformers from high temperature to r.t.(CHT) Solvents CoformerFA NAMeOH 0 XEtOH 0 -ACN 2 X(2-I-A)H2O 0 Xratio (2:
oformer) 1:1 1:2Tab. B.4: Crystallization experiments of 2 and sele
ted 
oformersby antisolvent di�usion at r.t. (CAD)Antisolvent CoformerFA RE NAMEK 1 1 - - 0A
etone - - - X -Pentane X X X - XEt2O 1 1 0 - 0THF X X X - XMTBE 1 1 0 0 0DIE 1 1 1 - 0DCM - 1 - - 0ACN X X X - XSolvent THF/ THF/ THF/ EtOH/ THF/CHCl3 CHCl3 CHCl3 DMSO CHCl3ratio (2:
oformer) 1:1 1:2 1:1 1:1 1:1Tab. B.5: Re
rystallization experiments from rea
tion 
rystallization solidsof 2 and sele
ted 
oformers from high temperature to r.t. (RRC)Solvent CoformerFA PNBA GRA GMA OA CA SQA RE UR NAEtOH 0 - X X 0 X 0 0 - -



166 Experimental 
o
rystal s
reeningPreparation of the new multi
omponent forms of 2� Co
rystal of 2:fumari
 a
id, form A (2-I-A)Compound 2 (13 mg, 0.04 mmol) was added to a saturated solution of fumari
a
id in ethanol (2.0 mL) and the suspension was stirred during one day at r.t.The solid was �ltered and dried under va
uum.� Co
rystal of 2:fumari
 a
id, form B (2-I-B)A mixture of 2 (20.2 mg, 0.07 mmol) and fumari
 a
id (15.7 mg, 0.14 mmol)were dissolved in ACN (30 mL) at 60ÆC. The heater was swit
hed o� andthin needles 
rystallized overnight.� Co
rystal of 2:p-nitrobenzoi
 a
id (2-II)Compound 2 (10 mg, 0.03 mmol) was added to a saturated solution of p-nitrobenzoi
 a
id in ethanol (2.0 mL) and the suspension was stirred duringone day at r.t. The solid was �ltered and dried under va
uum.
B.3 Compound 4Tab. B.6: Drop grinding experiments of 4 and sele
ted 
oformers (DG)Solvent CoformerFA PNBA GRA GMA OA CA SQA RE UR NAMeOH X X X X X X X 4-VIII-Aa X XEtOH 1 0 - 0 1 - 1 1 1 1IPA X X X X X X X 1 X XTHF X X X X X X X 4-VIII-Ba X XH2O X X X X X X X 1 X XACN X X X X X X X 4-VIII-Ba X XDMF X X X X X X X 1 X XDMSO X X X X X X X 1 X XaNo single 
rystals were obtained from re
rystallization of these samplesTab. B.7: Rea
tion 
rystallization experiments of 4 and sele
ted 
oformers (RC) (FII of 4meaning polymorph II of 4)Solvent CoformerFA PNBA GRA GMA OA CA SQA RE UR NAMeOH X X X X X X X 4-VIII-A X XEtOH 4-I-A 1 1 FII of 4 1 1 4-VII-A X FI+FII of 4 FI+FII of 4ACN X X X X X X X 4-VIII-B X X



B.3 Compound 4 167Tab. B.8: Crystallization experiments of 4 and sele
ted 
oformers from hightemperature to r.t. (CHT)Solvent/s CoformerFA PNBA GRA GMA OA UR NAACN/DMSO X X X 0 X X X X - X XACN/TFE X X X X 1 X 1 X X - -EtOH/DMSO 1 0 X X X X X 1 X X XACN/TFE/DMSO X X 1 X X X X X X X XH2O X X X X X X X 2 (4-VII-B) X X Xratio 4:
oformer 1:1 1:1 1:2 1:2 1:2 1:1 1:2 1:1 1:2 1:2 1:2Tab. B.9: Re
rystallization experi-ments of the solids obtained by dropgrinding between 4 and resor
inolSolvent ResultMeOH 4-VIII-AEtOH 4-VIII-AIPA 1THF 0Chloroform 4-VIII-AA
etone 0Dioxane 4-VIII-BMEK 1ETG -Tab. B.10: Crystallization experiments of 4 and sele
ted 
oformers by antisolvent di�usion atr.t. (CAD)Antisolvent CoformerFA PNBA RE UR NAMeOH 2 (4-I-B) - - X X X X X 0 X 0MEK needlesa - - X X - - - 0 - 0A
etone 0 - - X X - - X 0 X 0Pentane 0 - 0 4-VIII-A - 0 - 0 0 - 0Et2O 0 - - 4-VIII-A - 0 - - 0 1 0THF 0 - - X X 0 - 0 0 0 0MTBE 0 - - 1 - 4-VIII-A - 0 0 - 0DIE 0 - 0 4-VIII-A - - - - 0 - 0DCM 0 - - 4-VIII-A - 4-VIII-A - 0 0 - 0ACN - - - 4-VIII-A - X X 0 0 1 0- twinsa - - X - - - 0 0 - 0Solvent/s EtOH/H2O/ EtOH/ EtOH/ EtOH EtOH ACN ACN EtOH EtOH EtOH EtOHDMSO DMSO DMSOratio (4:
oformer) 1:1 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2aNo good quality single 
rystalsTab. B.11: Crystallization experiments of the rea
tion 
rystallizationsolids of 4 and sele
ted 
oformers by antisolvent di�usion at r.t. (CAD)Solvent Antisolvent CoformerFA PNBA GMA OA REEtOH - 1 1 0 1 -ACN - X X X X 4-VIII-AToluene - X X X X 0EtOH DCM X X X X -ACN DCM X X X X -Toluene DCM X X X X -



168 Experimental 
o
rystal s
reeningPreparation of the new forms of 4� Form II of 4Compound 4 (55 mg, 0.21 mmol) was added to a saturated solution of glu-tami
 a
id in ethanol (1.0 mL) and the suspension was stirred overnight. Thesolid was �ltered and dried under va
uum.� Co
rystal of 4 : fumari
 a
id, form A (4-I-A)Compound 4 (10 mg, 0.04 mmol) was added to a saturated solution of fumari
a
id in ethanol (1.0 mL) and the suspension was stirred overnight. The solidwas �ltered and dried under va
uum.� New phase 4 : fumari
 a
id, form B (4-I-B)A solution of 4 (50.2 mg, 0.20 mmol) and fumari
 a
id (22.8 mg, 0.20 mmol)in ethanol (6 mL) was prepared. Sin
e the solid did not 
ompletely dissolve,DMSO (8 mL) and water (1mL) were added at 40 ÆCuntil a total dissolution.An aliquot was pla
ed at r.t. in a thin vial and it was sealed with a septumand a needle, through whi
h methanol was let to di�use into the solution.After one month thin needles 
rystallized.� Salt of 4 : squari
 a
id, form A (4-VII-A)Compound 4 (12 mg, 0.05 mmol) was added to a saturated solution of squari
a
id in ethanol (1.0 mL) and the suspension was stirred overnight. The solidwas �ltered and dried under va
uum.� Salt of 4 : squari
 a
id, form B (4-VII-B)Compound 4 (12 mg, 0.05 mmol) and squari
 a
id were dissolved in water(1.0 mL) at 80ÆCand the solution was slowly 
ooled down to r.t. Crystalswere isolated and analyzed by SXRD.� Co
rystal of 4 : resor
inol, form A (4-VIII-A)Resor
inol (30.7 mg, 0.28 mmol) was added to a saturated solution of 4 inACN (0.5 mL) and the suspension was heated to 50ÆC. Sin
e it did not
ompletely dissolve, ACN (0.5 mL) was added and the solid was �ltered atr.t. The solution was kept in a sealed vial with a needle at r.t. until a solid
rystallized. It was �ltered and dried under va
uum.� Co
rystal of 4 : resor
inol, form B (4-VIII-B)Resor
inol (8.7 mg, 0.08 mmol) was added to a saturated solution of 4 in ACN(0.2 mL) and the suspension was stirred overnight. The solid was �ltered anddried under va
uum.



B.4 Compound 5 169B.4 Compound 5Tab. B.12: Drop grinding experiments of 7 and sele
ted
oformers in a 1:1 molar ratio (DG)Solvent/s CoformerFA PNBA RE NA CBZ DMU DBSDMF 0 0 0 0 0 0 0EtOH 0 0 0 0 0 0 0DMSO 0 0 0 0 0 0 0Tab. B.13: Rea
tion 
rystallization experiments of 5 andsele
ted 
oformers (RC)Solvent/s CoformerFA PNBA RE NA CBZ DMU DBSACN/DMF 0 0 0 0 0 0 0EtOH 0 0 0 0 0 0 0B.5 Compound 7Tab. B.14: Drop grinding experiments of 7 and sele
ted
oformers (DG)Solvent/s CoformerSQA RE TPPODMF 1 0 0 0 0DMSO 0 0 0 0 0A
eti
 a
id 0 0 0 0 0TFE 1 0 0 0 0MeOH/DCM 0 0 0 0 0ratio (7:
oformer) 1:1 1:2 2:1 1:1 1:1Tab. B.15: Rea
tion 
rystallization experiments of 7 and sele
ted 
o-formers (RC)Solvent CoformerFA PNBA GRA GMA OA CA SQA DHBADMF X X X X X X 0 XDMSO X X 0 0 X X 0 XA
eti
 a
id X X X X X X 0 XTFE X X X X X X 1 0MeOH/DCM X X 0 0 X X 0 XEtOH 0 0 0 0 0 0 0 0Tab. B.16: Crystallization experiments of 7and oxali
 a
id in a 1:1 molar ratio by antisol-vent di�usion (CAD)Antisolvent Solvent ResultDCM DMSO 0Et2O DMSO 0EtOH DMSO 0A
etone DMSO 0



170 Experimental 
o
rystal s
reeningTab. B.17: Crystallization experiments of 7 and sele
ted 
oformersin a 1:1 molar ratio from high temperature to r.t. (CHT)Solvent CoformerGRA GMA PA LA GLA FRA IA PHADMSO 0 0 X X X X X XTFE 0 0 X X X X X X- X X - - - 0 - 1
Tab. B.18: Crystallization experiments of 7and phosphori
 a
id (PHA) in a 1:1 molar ratioby antisolvent di�usion (CAD)Antisolvent ResultA
OEt 1MTBE 1B.6 Compound 10Tab. B.19: Drop grinding experiments of 10 and sele
ted 
oformers (DG)Solvent CoformerRE HIMeOH 10-VIII-A,B FI of 10 + 10-XI-A10-XI-AEtOH 10-VIII-A,B X XA
etone 10-VIII-A,B FI of 10 + FI of 10 +10-XI-A 10-XI-ACHCl3 FI of 10 + X X10-VIII-BDioxane 10-VIII-A,B X XToluene 10-VIII-A,B FI of 10 + 10-XI-A10-XI-ADCM FI of 10 + X X10-VIII-BtBuOH 1 FI of 10 XACN 10-VIII-A,B FI of 10 + FI of 10 +10-XI-A 10-XI-AMEK 10-VIII-A,B X XTHF 10-VIII-A,B X XIPA 10-VIII-A,B X XMIBK 10-VIII-A,B X XH2O 10-VIII-B X XTFE FI of 10 + X X10-VIII-Aratio (10:
oformer) 1:2 1:1 1:2



B.6 Compound 10 171Tab. B.20: Rea
tion 
rystallization experi-ments of 10 and sele
ted 
oformers (RC)Solvent CoformerRE HYMeOH 0 10-XI-BEtOH 0 XA
etone 0 0CHCl3 0 1DMF - XToluene 1 1DCM 0 XtBuOH 1 1ACN X 10-XI-BIPA X X
Tab. B.21: Pre
ipitation experiments of 10 andresor
inol by rapid 
ooling from high tempera-ture to 0ÆC(PHT)Solvent/s ResultMeOH 0EtOH 0A
etone 0CHCl3/MeOH 0THF 0Toluene 0DCM/MeOH 10-VIII-BIPA 0ACN 0ratio (10:
oformer) 1:2
Tab. B.22: Crystallization experiments of 10and sele
ted 
oformers from high temperature tor.t. (CHT)Solvent CoformerRE HIMeOH 0 X X 0A
etone 0 X X 0DCM 1 X X XH2O 0 X X XTHF X X 0 XCHCl3 X X 1 XH2O X 10-VIII-B X Xratio (10:
oformer) 1:1 1:2 1:1 1:2



172 Experimental 
o
rystal s
reeningTab. B.23: Crystallization experiments of 10and sele
ted 
oformers by solvent evaporation atr.t. (CRT) Solvent CoformerRE HYMeOH 1 - XToluene 1 1 XACN X X 0tBuOH X X 0Dioxane X X -ratio (10:
oformer) 1:1 1:2 1:1Tab. B.24: Crystallization experiments of 10 and resor
inol in a 1:2 molar ratio by antisolventdi�usion (CAD)Antisolvent SolventMeOH A
etone EtOH IPA THF DCM/ CHCl3/ ACN H2OMeOH MeOHPentane 0 0 0 0 FI of 10 + 10-VIII-A 10-VIII-A 10-VIII-B 110-VIII-BTab. B.25: Crystallization experiments of 10 and hydroquinoneby antisolvent di�usion (CAD)Antisolvent SolventTHF ACN MeOHMEK 1 X X XPentane 1 FI of 10 + 1 -10-XI-AEt2O 1 0 - -MTBE 1 X 1 -DIE 10-XI-A X 0 -DCM - - - -ratio (10:
oformer) 1:1 1:2 1:2 1:2Preparation of the new multi
omponent forms of 10� Co
rystal of 10 : resor
inol, form A (10-VIII-A)A mixture of 10 (20.1 mg, 0.04 mmol) and resor
inol (10.0 mg, 0.09 mmol)was dissolved in a solvent mixture of DCM/MeOH 10:1 (1 mL) at 50ÆC. Thesolution was 
ooled down to r.t. and pentane (2 mL) was rapidly added. Awhite powder pre
ipitated immediately.� Co
rystal of 10 : resor
inol, form B (10-VIII-B)A mixture of 10 (10.1 mg, 0.02 mmol) and resor
inol (4.8 mg, 0.04 mmol)was dissolved in a water (1.0 mL) at 70ÆC. The solution was slowly 
ooleddown to r.t. and a white powder 
rystallized.� Co
rystal of 10 : hydroquinone, form A (10-XI-A)A mixture of 10 (10.2 mg, 0.02 mmol) and hydroquinone (5.1 mg, 0.04 mmol)with a drop of toluene was grinded for 30 minutes at 30Hz.



B.7 Compound 12 173� Co
rystal of 10 : hydroquinone, form B (10-XI-B)Compound 10 (12 mg, 0.02 mmol) was added to a saturated solution of hy-droquinone in methanol (0.1 mL) at r.t. The suspension was stirred for twodays and the solid was �ltered and dried under va
uum.
B.7 Compound 12Tab. B.26: Drop grinding experiments of 12 and sele
ted 
oformers (DG)Solvent CoformerOA RE NA ISNA BIPDMSO - - 0 0 1 1 1 X 1 1DMF 1 1 0 0 1 1 X X 1 1ACN X X X X 1 1 X X 1 XTHF X X 0 0 X X X X 1 XH2O X X X X X X X X 1 1Dioxane X X X X X X X X 1 XA
etone X X X X X X X X 1 Xratio (12:
oformer) 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2

Tab. B.27: Rea
tion 
rystallization experi-ments of 12 and sele
ted 
oformers (RC)Solvent CoformerNA ISNA BIPDMSO 1 1 XACN 1 0 XH2O X X 1TFE X X 0
Tab. B.28: Crystallization experiments of 12and sele
ted 
oformers from high temperature tor.t. (CHT)Solvent ResultBIP 1 1 XBIP 1 1 XPY X X FI of 12Solvent DMSO DMF -ratio (12:
oformer) 1:1 1:2 -



174 Experimental 
o
rystal s
reeningTab. B.29: Crystallization experiments of 12and sele
ted 
oformers in a 1:2 molar ratio inDMSO by antisolvent di�usion (CAD)Antisolvent CoformerOA BIPMeOH 1 1DIE - 2 FIV of 12THF 1 1Et2O - -Pentane 1 -MTBE 1 1DCM 1 1MEK 1 -A
OEt 1 1CHCl3 0 1Preparation of the new forms of 12� Form I of 12Form I was obtained from a 
o
rystallization experiment of 12 with pyridine.Compound 12 (10.0 mg, 0.03 mmol) was dissolved in pyridine (0.5 mL) at50ÆCand the solution was 
ooled down slowly to r.t. A white solid 
rystallizedafter one month.� Form IV of 12The single 
rystal of form IV was obtained from a 
o
rystallization experimentof 12 with 4,4'-bipyridine. A mixture of 12 (10.6 mg, 0.03 mmol) and 4,4'-bipyridine (8.8 mg, 0.06 mmol) was dissolved in DMSO (0.8 mL) at 50ÆC.The vial 
ontaining the solution was kept sealed at r.t. and DIE (2 mL) waslet to di�use through a needle. Needle-shaped 
rystals were obtained afterfour months.



B.8 Compound 17 175B.8 Compound 17Tab. B.30: Crystallization experiments of 17 and sele
ted 
oformers byantisolvent di�usion (CAD)Antisolvent CoformerCA REACN - 1 0 0THF X X 0 0MEK X X 0 0A
OEt 2 - 0 017-VIIaToluene X X 0 0ratio (17:
oformer) 1:1 1:2 1:1 1:2Solvent H2O DMSOaSingle 
rystal needles of 17 with squari
 a
id were obtainedpossibly due to tra
es of squari
 a
id from the synthesis of 17Preparation of the new forms of 17� Salt of 17 : squari
 a
id (17-VII)The single 
rystal of this form was obtained from a 
o
rystallization experi-ment of 17 (
ontaining tra
es of squari
 a
id) with 
itri
 a
id. A mixture of17 (10.1 mg, 0.09 mmol) and 
itri
 a
id (17.3 mg, 0.09 mmol) was dissolvedin water at 70ÆC. The vial 
ontaining the solution was kept sealed at r.t. andA
OEt (2 mL) was let to di�use through a needle. Needle-shaped 
rystalswere obtained after one month.





Appendix C
Figures
C.1 PolymorphsThe powder X-ray di�ra
togram, DSC and TGA thermograms, 1H-NMR or 13C-NMR spe
tra and 
rystallographi
 data of the new forms obtained in the presentwork are in
luded in this appendix. In some 
ases, 1H-NMR, 13C-NMR or TGA dataare missing due to la
k of sample availability or be
ause the form was suÆ
iently
hara
terized by the rest of the te
hniques.
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178 FiguresC.1.1 Compound 1, form I

N
H

N
H

OO

1
Fig. C.1: Crystallographi
 data of form I of 1 obtained bySXRD

Fig. C.2: Powder X-ray di�ra
togram of form I of 1
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Fig. C.3: DSC thermogram of form I of 1

Fig. C.4: TGA thermogram of form I of 1

Fig. C.5: 1H-NMR spe
trum of form I of 1



180 FiguresC.1.2 Compound 1, form II

N
H

N
H

OO

1
Fig. C.6: Crystallographi
 data of form II of 1 solved byPXRD

Fig. C.7: Powder X-ray di�ra
togram of form II of 1
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Fig. C.8: DSC thermogram of form II of 1

Fig. C.9: TGA thermogram of form II of 1



182 FiguresC.1.3 Compound 1, form III

N
H

N
H

OO

1
Fig. C.10: Crystallographi
 data of form III of 1 obtained bySXRD

Fig. C.11: Powder X-ray di�ra
togram of form III of 1
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Fig. C.12: DSC thermogram of form III of 1

Fig. C.13: TGA thermogram of form III of 1



184 FiguresC.1.4 Compound 2, form I

N
H

N
H

OO

N N2
Fig. C.14: Crystallographi
 data of form I of 2 obtained bySXRD

Fig. C.15: Powder X-ray di�ra
togram of form I of 2
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Fig. C.16: DSC thermogram of form I of 2

Fig. C.17: TGA thermogram of form I of 2

Fig. C.18: 1H-NMR spe
trum of form I of 2



186 FiguresC.1.5 Compound 2, form II

N
H

N
H

OO

N N2
Fig. C.19: Crystallographi
 data of form II of 2 solved byPXRD

Fig. C.20: Powder X-ray di�ra
togram of form II of 2



C.1 Polymorphs 187

Fig. C.21: DSC thermogram of form II of 2

Fig. C.22: TGA thermogram of form II of 2

Fig. C.23: 1H-NMR spe
trum of form II of 2



188 FiguresC.1.6 Compound 3, form I
N
H

N
H

OO

NN 3

Fig. C.24: Powder X-ray di�ra
togram of form I of 3

Fig. C.25: DSC thermogram of form I of 3
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Fig. C.26: TGA thermogram of form I of 3

Fig. C.27: 1H-NMR spe
trum of form I of 3



190 FiguresC.1.7 Compound 3, form II
N
H

N
H

OO

NN 3

Fig. C.28: Powder X-ray di�ra
togram of form II of 3

Fig. C.29: DSC thermogram of form II of 3



C.1 Polymorphs 191C.1.8 Compound 3, form III
N
H

N
H

OO

NN 3

Fig. C.30: Powder X-ray di�ra
togram of form III of 3

Fig. C.31: DSC thermogram of form III of 3



192 FiguresC.1.9 Compound 3, form IV
N
H

N
H

OO

NN 3

Fig. C.32: Powder X-ray di�ra
togram of form IV of 3

Fig. C.33: DSC thermogram of form IV of 3
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194 FiguresC.1.10 Compound 4, form II

N
H

N
H

OO

N N4
Fig. C.34: Crystallographi
 data of form II of 4 solved byPXRD

Fig. C.35: Powder X-ray di�ra
togram of form II of 4
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Fig. C.36: DSC thermogram of form II of 4

Fig. C.37: TGA thermogram of form II of 4

Fig. C.38: 1H-NMR spe
trum of form II of 4



196 FiguresC.1.11 Compound 4, form III

N
H

N
H

OO

N N4
Fig. C.39: Crystallographi
 data of form III of 4 obtained bySXRD

Fig. C.40: Cal
ulated powder X-ray di�ra
togram of form III of 4
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Fig. C.41: DSC thermogram of form III of 4

Fig. C.42: TGA thermogram of form III of 4 (The weight loss registered in the TGA analysisis attribuited to a wet solid)



198 FiguresC.1.12 Compound 5, form I

5
Fig. C.43: Crystallographi
 data of form I of 5 obtained bySXRD

Fig. C.44: Powder X-ray di�ra
togram of form I of 5
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Fig. C.45: DSC thermogram of form I of 5

Fig. C.46: TGA thermogram of form I of 5

Fig. C.47: 1H-NMR spe
trum of form I of 5



200 FiguresC.1.13 Compound 6, form I

6
Fig. C.48: Crystallographi
 data of form I of 6 obtained bySXRD

Fig. C.49: Powder X-ray di�ra
togram of form I of 6



C.1 Polymorphs 201

Fig. C.50: DSC thermogram of form I of 6

Fig. C.51: TGA thermogram of form I of 6

Fig. C.52: 1H-NMR spe
trum of form I of 6



202 FiguresC.1.14 Compound 7, form I

7
Fig. C.53: Crystallographi
 data of form I of 7 obtained bySXRD

Fig. C.54: Powder X-ray di�ra
togram of form I of 7



C.1 Polymorphs 203

Fig. C.55: DSC thermogram of form I of 7

Fig. C.56: TGA thermogram of form I of 7

Fig. C.57: 1H-NMR spe
trum of form I of 7



204 FiguresC.1.15 Compound 8, form I

8
Fig. C.58: Crystallographi
 data of form I of 8 obtained bySXRD

Fig. C.59: Powder X-ray di�ra
togram of form I of 8



C.1 Polymorphs 205

Fig. C.60: DSC thermogram of form I of 8

Fig. C.61: TGA thermogram of form I of 8



206 FiguresC.1.16 Compound 9, form I

OO

NO
H

N9
Fig. C.62: Crystallographi
 data of form I of 9 obtained bySXRD

Fig. C.63: Powder X-ray di�ra
togram of form I of 9



C.1 Polymorphs 207

Fig. C.64: DSC thermogram of form I of 9

Fig. C.65: TGA thermogram of form I of 9

Fig. C.66: 1H-NMR spe
trum of form I of 9



208 FiguresC.1.17 Compound 10, form I

10 Fig. C.67: Crystallographi
 data of form I of 10 solved byPXRD

Fig. C.68: Powder X-ray di�ra
togram of form I of 10



C.1 Polymorphs 209

Fig. C.69: DSC thermogram of form I of 10

Fig. C.70: TGA thermogram of form I of 10

Fig. C.71: 1H-NMR spe
trum of form I of 10



210 FiguresC.1.18 Compound 10, form II

10 Fig. C.72: Crystallographi
 data of form II of 10 solved byPXRD

Fig. C.73: Powder X-ray di�ra
togram of form II of 10



C.1 Polymorphs 211

Fig. C.74: DSC thermogram of form II of 10

Fig. C.75: TGA thermogram of form II of 10

Fig. C.76: 1H-NMR spe
trum of form II of 10



212 FiguresC.1.19 Compound 10, form III

10

Fig. C.77: Powder X-ray di�ra
togram of form III of 10

Fig. C.78: DSC thermogram of form III of 10



C.1 Polymorphs 213

Fig. C.79: TGA thermogram of form III of 10

Fig. C.80: 1H-NMR spe
trum of form III of 10



214 FiguresC.1.20 Compound 11, form I

11

Fig. C.81: Powder X-ray di�ra
togram of form I of 11

Fig. C.82: DSC thermogram of form I of 11



C.1 Polymorphs 215

Fig. C.83: TGA thermogram of form I of 11

Fig. C.84: 1H-NMR spe
trum of form I of 11



216 FiguresC.1.21 Compound 12, form I
N
H

N
H

OO
OHHO 12

Fig. C.85: Powder X-ray di�ra
togram of form I of 12

Fig. C.86: DSC thermogram of form I of 12



C.1 Polymorphs 217

Fig. C.87: TGA thermogram of form I of 12

Fig. C.88: 1H-NMR spe
trum of form I of 12



218 FiguresC.1.22 Compound 12, form II
N
H

N
H

OO
OHHO 12

Fig. C.89: Powder X-ray di�ra
togram of form II of 12

Fig. C.90: DSC thermogram of form II of 12



C.1 Polymorphs 219

Fig. C.91: TGA thermogram of form II of 12

Fig. C.92: 1H-NMR spe
trum of form II of 12



220 FiguresC.1.23 Compound 12, form III

12

Fig. C.93: Crystallographi
 data of form III of 12 obtainedby SXRD

Fig. C.94: Cal
ulated powder X-ray di�ra
togram of form III of 12



C.1 Polymorphs 221

Fig. C.95: DSC thermogram of form III of 12

Fig. C.96: TGA thermogram of form III of 12



222 FiguresC.1.24 Compound 12, form IV

12
Fig. C.97: Crystallographi
 data of form IV of 12 obtainedby SXRD

Fig. C.98: Cal
ulated powder X-ray di�ra
togram of form IV of 12
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224 FiguresC.1.25 Compound 13, form I

N
H

N
H

OO

N
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Fig. C.99: Crystallographi
 data of form I of 13 solved byPXRD

Fig. C.100: Powder X-ray di�ra
togram of form I of 13



C.1 Polymorphs 225

Fig. C.101: DSC thermogram of form I of 13

Fig. C.102: TGA thermogram of form I of 13

Fig. C.103: 1H-NMR spe
trum of form I of 13



226 FiguresC.1.26 Compound 17, form I

OO

N
H

HO
N17

Fig. C.104: Crystallographi
 data of form I of 17 obtained bySXRD

Fig. C.105: Powder X-ray di�ra
togram of form I of 17



C.1 Polymorphs 227

Fig. C.106: DSC thermogram of form I of 17

Fig. C.107: TGA thermogram of form I of 17

Fig. C.108: 1H-NMR spe
trum of form I of 17



228 FiguresC.1.27 Compound 17, form II
OO

N
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N17

Fig. C.109: Crystallographi
 data of form II of 17 obtained by SXRD



C.1 Polymorphs 229

Fig. C.110: Cal
ulated powder X-ray di�ra
togram of form II of 17

Fig. C.111: DSC thermogram of form II of 17



230 FiguresC.1.28 Compound 17, form III
OO

N
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N17

Fig. C.112: Crystallographi
 data of form III of 17 obtained by SXRD



Fig. C.113: Cal
ulated powder X-ray di�ra
togram of form III of 17

Fig. C.114: DSC thermogram of form III of 17





C.2 Multi
omponent solids 233C.2 Multi
omponent solidsThe powder X-ray di�ra
togram, DSC and TGA thermograms, 1H-NMR or 13C-NMR spe
tra and 
rystallographi
 data of the new multi
omponent forms obtainedin the present work are in
luded in this appendix. In some 
ases, 1H-NMR, 13C-NMR or TGA data are missing due to la
k of sample availability or be
ause theform was suÆ
iently 
hara
terized by the rest of the te
hniqu'oles.



234 FiguresC.2.1 Co
rystal of 2 : fumari
 a
id, form A
2 : fumari
 a
id

Fig. C.115: Powder X-ray di�ra
togram of form A of 2:fumari
 a
id 
o
rystal

Fig. C.116: DSC thermogram of form A of 2:fumari
 a
id 
o
rystal



C.2 Multi
omponent solids 235

Fig. C.117: TGA thermogram of form A of 2:fumari
 a
id 
o
rystal

Fig. C.118: 1H-NMR spe
trum of form A of 2:fumari
 a
id 
o
rystal



236 FiguresC.2.2 Co
rystal of 2 : fumari
 a
id, form B
2 : fumari
 a
id

Fig. C.119: Crystallographi
 data of form B of 2:fumari
 a
id 
o
rystal obtained by SXRD
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omponent solids 237

Fig. C.120: Powder X-ray di�ra
togram of form B of 2:fumari
 a
id 
o
rystal

Fig. C.121: DSC thermogram of form B of 2:fumari
 a
id 
o
rystal



238 FiguresC.2.3 Co
rystal of 2 : p-nitrobenzoi
 a
id
2 : p-nitrobenzoi
 a
id

Fig. C.122: Powder X-ray di�ra
togram of 2:p-nitrobenzoi
 a
id salt

Fig. C.123: DSC thermogram of 2:p-nitrobenzoi
 a
id salt
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Fig. C.124: TGA thermogram of 2:p-nitrobenzoi
 a
id salt

Fig. C.125: 1H-NMR spe
trum of 2:p-nitrobenzoi
 a
id salt



240 FiguresC.2.4 Co
rystal of 4 : fumari
 a
id, form A
4 : fumari
 a
id

Fig. C.126: Powder X-ray di�ra
togram of form A of 4:fumari
 a
id salt

Fig. C.127: DSC thermogram of form A of 4:fumari
 a
id salt
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omponent solids 241

Fig. C.128: DSC thermogram of form A of 4:fumari
 a
id salt

Fig. C.129: 1H-NMR spe
trum of form A of 4:fumari
 a
id salt



242 FiguresC.2.5 Co
rystal of 4 : fumari
 a
id, form B
4 : fumari
 a
id

Fig. C.130: Crystallographi
 data of form B of 4:fumari
 a
id salt obtained by SXRD
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Fig. C.131: Cal
ulated powder X-ray di�ra
togram of form B of 4:fumari
 a
id salt



244 FiguresC.2.6 Salt of 4 : squari
 a
id, form A
4 : squari
 a
id

Fig. C.132: Powder X-ray di�ra
togram of form A of 4:squari
 a
id salt

Fig. C.133: DSC thermogram of form A of 4:squari
 a
id salt
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Fig. C.134: TGA thermogram of form A of 4:squari
 a
id salt

Fig. C.135: 13C-NMR spe
trum of form A of 4:squari
 a
id salt



246 FiguresC.2.7 Salt of 4 : squari
 a
id, form B
4 : squari
 a
id

Fig. C.136: Crystallographi
 data of form B of 4:squari
 a
id salt obtained by SXRD
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Fig. C.137: Cal
ulated powder X-ray di�ra
togram of form B of 4:squari
 a
id salt

Fig. C.138: DSC thermogram of form B of 4:squari
 a
id salt

Fig. C.139: 13C-NMR spe
trum of form B of 4:squari
 a
id salt



248 FiguresC.2.8 Co
rystal of 4 : resor
inol, form A
4 : resor
inol

Fig. C.140: Crystallographi
 data of form A of 4:resor
inol 
o
rystal obtained by SXRD

Fig. C.141: Powder X-ray di�ra
togram of form A of 4:resor
inol 
o
rystal
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omponent solids 249

Fig. C.142: DSC thermogram of form A of 4:resor
inol 
o
rystal

Fig. C.143: TGA thermogram of form A of 4:resor
inol 
o
rystal



250 FiguresC.2.9 Co
rystal of 4 : resor
inol, form B
4 : resor
inol

Fig. C.144: Powder X-ray di�ra
togram of form B of 4:resor
inol 
o
rystal

Fig. C.145: DSC thermogram of form B of 4:resor
inol 
o
rystal



C.2 Multi
omponent solids 251

Fig. C.146: TGA thermogram of form B of 4:resor
inol 
o
rystal

Fig. C.147: 1H-NMR spe
trum of form B of 4:resor
inol 
o
rystal



252 FiguresC.2.10 Co
rystal of 10 : resor
inol, form A
10 : resor
inol

Fig. C.148: Crystallographi
 data of form A of 10:resor
inol 
o
rystal obtained by SXRD



C.2 Multi
omponent solids 253

Fig. C.149: Powder X-ray di�ra
togram of form A of 10:resor
inol 
o
rystal

Fig. C.150: DSC thermogram of form A of 10:resor
inol 
o
rystal

Fig. C.151: TGA thermogram of form A of 10:resor
inol 
o
rystal



254 FiguresC.2.11 Co
rystal of 10 : resor
inol, form B
10 : resor
inol

Fig. C.152: Crystallographi
 data of form B of 10:resor
inol 
o
rystal obtained by SXRD

Fig. C.153: Powder X-ray di�ra
togram of form B of 10:resor
inol 
o
rystal



C.2 Multi
omponent solids 255

Fig. C.154: DSC thermogram of form B of 10:resor
inol 
o
rystal

Fig. C.155: TGA thermogram of form B of 10:resor
inol 
o
rystal

Fig. C.156: 1H-NMR spe
trum of form B of 10:resor
inol 
o
rystal



256 FiguresC.2.12 Co
rystal of 10 : hydroquinone, form A
10 : hydroquinone

Fig. C.157: Powder X-ray di�ra
togram of form A of 10:hydroquinone 
o
rystal

Fig. C.158: DSC thermogram of form A of 10:hydroquinone 
o
rystal
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omponent solids 257

Fig. C.159: TGA thermogram of form A of 10:hydroquinone 
o
rystal

Fig. C.160: 1H-NMR spe
trum of form A of 10:hydroquinone 
o
rystal



258 FiguresC.2.13 Co
rystal of 10 : hydroquinone, form B
10 : hydroquinone

Fig. C.161: Powder X-ray di�ra
togram of form B of 10:hydroquinone 
o
rystal

Fig. C.162: DSC thermogram of form B of 10:hydroquinone 
o
rystal
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Fig. C.163: TGA thermogram of form B of 10:hydroquinone 
o
rystal

Fig. C.164: 1H-NMR spe
trum of form B of 10:hydroquinone 
o
rystal



260 FiguresC.2.14 Salt 18
squari
 a
id : benzylamine

Fig. C.165: Crystallographi
 data of 18 salt obtained by SXRD
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Fig. C.166: Powder X-ray di�ra
togram of 18 salt

Fig. C.167: DSC thermogram of 18 salt

Fig. C.168: 13C-NMR spe
trum of 18 salt



262 FiguresC.2.15 Salt 19
squari
 a
id:1,4-bis(3-aminopropyl)piperazine

Fig. C.169: Crystallographi
 data of 19 salt obtained by SXRD

Fig. C.170: Powder X-ray di�ra
togram of 19 salt
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Fig. C.171: DSC thermogram of 19 salt

Fig. C.172: TGA thermogram of 19 salt

Fig. C.173: 13C-NMR spe
trum of 19 salt



264 FiguresC.2.16 Salt 20
diethylamidosquari
 a
id : diethylamine

Fig. C.174: Crystallographi
 data of 20 salt obtained by SXRD
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Fig. C.175: Powder X-ray di�ra
togram of 20 salt

Fig. C.176: DSC thermogram of 20 salt



266 FiguresC.2.17 Salt 21
squari
 a
id:tyramine

Fig. C.177: Crystallographi
 data of 21 salt obtained by SXRD

Fig. C.178: Powder X-ray di�ra
togram of 21 salt
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Fig. C.179: DSC thermogram of 21 salt

Fig. C.180: TGA thermogram of 21 salt

Fig. C.181: 13C-NMR spe
trum of 21 salt



268 FiguresC.2.18 Salt 22
benzylamidosquari
 a
id : benzylamine

Fig. C.182: Crystallographi
 data of 22 salt obtained by SXRD
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Fig. C.183: Powder X-ray di�ra
togram of 22 salt

Fig. C.184: DSC thermogram of 22 salt



270 FiguresC.2.19 Salt of 17:squari
 a
id
17

Fig. C.185: Crystallographi
 data of 17 salt obtained by SXRD
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Fig. C.186: Powder X-ray di�ra
togram of 17 salt

Fig. C.187: DSC thermogram of 17 salt

Fig. C.188: TGA thermogram of 17 salt





Appendix D
Resum�Es 
onegut el fet que les esquaramides presenten una doble 
apa
itat donado-ra i a

eptora d'enlla�
os d'hidrogen en solu
i�o que les fa interessants en �arees
om la qu��mi
a supramole
ular o la quimi
a m�edi
a. No obstant aixo, la faltad'informa
i�o sobre les seves propietats en estat s�olid ens va en
oratjar ini
ial-ment portar a terme un s
reening polim�or�
 de diversos 
ompostos model am-b l'obje
tiu de 
on�eixer els trets estru
turals i les prefer�en
ies 
onforma
ionalsd'aquesta fam��lia de 
ompostos. En una segona fase, vam utilitzar aquesta in-forma
i�o per a dissenyar noves arquite
tures supramole
ulars a traves d'estrat�egiesd'enginyeria 
ristal�lina. Finalment, l'an�alisi de les seves estru
tures 
ristal�lines,en 
ombina
i�o amb l'estudi d'importants fen�omens qu��mi
s asso
iats 
om la 
oop-erativitat, la preorganitza
i�o i la 
ompressi�o ele
trost�ati
a ens van ajudar a establirrela
ions qu��miques i 
ristal�logr�a�ques entre aquests 
ompostos.Polimor�sme de les esquaramidesEn aquesta tesi s'ha estudiat el polimor�sme de quatre 
ompostos model els qualsvan ser 
urosament dissenyat amb el seu parti
ular inter�es: la dibenzilesquarami-da no 
ont�e grups a

eptors/donadors d'enlla�
 d'hidrogen addi
ionals a l'anell es-quaram��di
 (1), les dues esquaramides que 
ontenen grups piridina (2 i 3) difereixenen la llargada de la 
adena alqu��li
a i, �nalment, la N,N -dimetiletilendiesquaramida(4) que 
ont�e dues amines ter
iaries i te major 
exibilitat (Fig. D.1).Dibenzilesquaramida (1)L's
reening polim�or�
 experimental del 
ompost 1 ha resultat en l'obten
i�o de tresformes poli-m�or�ques (Fig. D.2), dues de les quals 
omparteixen una transi
i�o s�olid-273
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3 4Fig. D.1: Compostos model esquaram��di
s: (1) Dibenzilesquaramida, (2) 3,4-bis-(2-metilaminopiridil)-1,2-dioxo-3-
i
lobut�e, (3) 3,4-bis-(2-etilaminopiridil)-1,2-dioxo-3-
i
lobut�e, (4)3,4-bis-(2-dimetilamino-etilamino)-1,2-dioxo-3-
i
lobut�es�olid a la mateixa temperatura 
ap a la fase de punt de fusi�o m�es elevat (Fig. D.3).

Fig. D.2: Diagrames de DRXP de les formes I, II i III de 1

Fig. D.3: Termogrames de DSC de les formes I, II and III of 1L'an�alisi de les seves estru
tures 
ristal�lines revela el mateix motiu estru
-tural 
ap i 
ua en dire

ions paral�leles, antiparal�leles i no paral�leles dels enl-la�
os d'hidrogen formats entre els NH am��di
s i els 
arbonils de les unitats es-



Resum 275quaram��diques (Fig. D.4). La forma II es diferen
ia de les altres dues en el fet que
ont�e dues mol�e
ules en diferent 
onforma
i�o a la unitat asim�etri
a (Fig. D.5).

Fig. D.4: Estru
tures 
ristal�lines de les formes I, II and III del 
ompost 1
Fig. D.5: Conformers sobreposats en la unitat asim�etri
a de la forma II del 
ompost 13,4-bis-(2-metilaminopiridil)-1,2-dioxo-3-
i
lobut�e (2)L's
reening polim�or�
 del 
ompost 2 va resultar en l'obten
i�o de dues formes(Fig. D.6). La forma I presenta un punt de fusi�o a 166ÆC juntament amb una
ristal�litza
i�o simult�ania 
ap a la forma II, la qual fon a 186ÆC(Fig. D.7).

Fig. D.6: Diagrames de DRXP de les formes I i II del 
ompost 2
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Fig. D.7: Termogrames de DSC de les formes I i II del 
ompost 2O
asionalment, es va observar una transi
i�o s�olid-s�olid endot�ermi
a per DSC(Fig. D.8) de la forma I a la forma II a una velo
itat d'es
alfament lenta (1 ÆC/min),revelant una rela
i�o enantiotr�opi
a entre ambd�os polimorfs, essent la forma I estableper sota de la temperatura de transi
i�o (
a. 160 ÆC). Aquest 
omportament t�ermi
es va 
orroborar qualitativament per termomi
ros
opia (Fig. D.9).

Fig. D.8: Termograma de DSC de la forma I del 
ompost 2 mostrant la fusi�o/
ristal�litza
i�o(vermell) i l'o
asionalment observada transi
i�o s�olid-s�olid de la forma I a la II (blau)L'estru
tura 
ristal�lina de les dues formes (Fig. D.10) presenta el mateix motiuestru
tural (paral�lel i antiparal�lel) 
ap i 
ua que l'observat en el 
ompost 1, junta-ment amb intera

ions se
und�aries de ��� sta
king que difereixen en les dire

ionsen ambdues estru
tures. Tamb�e s'observen intera

ions CHaril � ��Npiridina.3,4-bis-(2-etilaminopiridil)-1,2-dioxo-3-
i
lobut�e (3)Quatre formes polim�or�ques es van obtenir de l's
reening experimental del 
ompost3 (Fig. D.11). Curiosament, la naturalesa del fenomen t�ermi
 de la forma I no vapoder ser 
on�rmada ja que en l'an�alisi per DSC sembla una fusi�o (Fig. D.12), pero
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Fig. D.9: Fotogrames de termomi
ros
opia del 
ompost 2, mostrant la transi
i�o de fase s�olidade la forma I a la II juntament amb la fusi�o/
ristal�litza
io durant l'es
alfament a 10 ÆC/min

Fig. D.10: Estru
tures 
ristal�lines i super�
ies de Hirshfeld de les formes I i II del 
ompost 2en l'an�alisi per termomi
ros
opia s'observa una transi
i�o s�olid-s�olid (Fig.D.13). Lafusi�o de la forma II s'observa a 224 ÆC. La forma III presenta un punt de fusio a168 ÆC i la forma IV fon a 180 ÆC.
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Fig. D.11: Diagrames de DRXP de les formes I, II, III i IV del 
ompost 3

Fig. D.12: Termogrames de DSC de les formes I, II, III, IV del 
ompost 3L'estru
tura 
ristal�lina de la forma I (Fig. D.14) presenta el mateix motiu 
api 
ua observat en les altres esquaramides en el qual les unitats esquaram��diquess'uneixen a traves d'enlla�
 d'hidrogen en dire

ions antiparal�leles. Tamb�e s'observenintera

ions se
und�aries CH-� similars a les des
rites per la forma I del 
ompost2. Els anells pirid��ni
s adopten una 
onforma
io de zig-zag i les intera

ions delsgrups CHaril � ��Npiridina tamb�e s'observen.3,4-bis-(2-dimethylamino-ethylamino)-1,2-dioxo-3- 
y
lobutene,(4)L's
reening polim�or�
 del 
ompost 4 va resultar en diversos polimorfs, no tots enforma pura (Fig. D.15). V�aries indexa
ions dels difra
togrames de la forma I no
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Fig. D.13: Fotogrames de termomi
ros
opia del 
ompost 3, mostrant la transi
i�o de fase s�olidade la forma I a la II i la subsequent fusi�o durant l'es
alfament a 10 ÆC/min

Fig. D.14: Estru
tura 
ristal�lina de la forma I del 
ompost 3 (hidrogens no presents)van tenir �exit, suggerint una 
ontamina
i�o d'una altra fase o una resolu
i�o pobredel difra
tograma.L'an�alisi per DSC de la forma I (+ �, hipot�eti
a), presenta una transi
i�o en-dot�ermi
a a 45 ÆC 
ap a la forma IV (p.f.=227 ÆC) durant l'es
alfament (
on�rmatper DRXP de temperatura variable). Diversos an�alisis d'es
alfament i refredamentamb DSC presenten una transi
�o a la mateixa temperatura amb menor ental-piaen el refredament, suggerint una transi
i�o de reversibilitat in
ompleta (Fig. D.17)i 
on�rmada per termomi
ros
opia. La forma II presenta una transi
i�o s�olid-s�olidendot�ermi
a 
ap a la forma IV a 150ÆC(
on�rmada per DRXP de temperatura vari-able). Finalment, l'an�alisi de DSC de la forma III presenta una transi
i�o s�olid-s�olida 44 ÆC 
ap a la forma d'alta temperatura.En termes de rela
i�o termodin�ami
a entre les formes d'aquest sistema multi-
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Fig. D.15: DRXP experimentals de les formes I + �, II i IV i el DRXP 
al
ulat de la forma IIIdel 
ompost 4

Fig. D.16: Termogrames de DSC de les formes I (+ �), II i IIIpolim�or�
 es pot 
on
loure que la forma I (+ �) seria enantiotr�opi
a amb la formaIV, aixi 
om tambe la forma II amb la forma IV. Mostres de forma III mantingudesa t.a. van transformar irreversiblement 
ap a la forma I (+ �). Un esquema de larela
io termodin�ami
a entre les diferents formes es pot observar a la �gura D.18.Les dues estru
tures 
ristal�lines obtingudes de les formes II i III (Fig. D.19)presenten el t��pi
 motiu 
ap i 
ua d'enlla�
 d'hidrogen entre unitats esquaram��diquesamb orienta
ions paral�leles i antiparal�leles.Despr�es d'estudiar quatre 
ompostos model d'esquaramides se
und�aries en es-tat s�olid, l'exist�en
ia d'un sint�o supramole
ular robust auto-asso
iatiu s'observa envuit estru
tures 
ristal�lines resoltes de les tretze formes polim�or�ques obtingudes.Presenten un mateix motiu estru
tural imperturbable en forma de 
adena en el qual
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Fig. D.17: DSC de la forma I mostrant una transi
i�o reversible 
ap a la forma IV durant unexperiment d'es
alfament-refredament
Fig. D.18: Transforma
ions polim�or�ques del 
ompost 4

Fig. D.19: Estru
tures 
ristal�lines de les formes II i III del 
ompost 4agregats d'esquaramida intera

ionen a trav�es d'enlla�
os d'hidrogen. El seg�uent es-quema resumeix les 
a-ra
teristiques polim�or�ques prin
ipals dels quatre 
ompostosmodel estudiats (Fig. D.20).
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Fig. D.20: Resum dels sistemes polim�or�
s estudiats



Resum 283De la solu
i�o al 
ristallEn aquesta se

i�o, les prefer�en
ies estru
turals d'un model d'esquaramida 
on
ret(2) s�on analitzades per tal d'entendre la rela
i�o entre l'estru
tura dels agregats ensolu
i�o i l'estat s�olid.Estudis previs en solu
i�o demostren que les esquaramides se
und�aries presentendues 
onforma
ions en solu
i�o: anti/anti i anti/sin. Ambdues poden produir un sin-t�o R22(n) amb grups a

eptors i donadors d'enlla�
 d'hidrogen apropiats (Fig. D.21).

Fig. D.21: Dues 
onforma
ions diferents de les esquaramides se
und�ariesIni
ialment, 2 es va analitzar per 1H-RMN i el seu espe
tre en CDCl3 a baixatemperatura presenta tres 
onjunts de senyals N-H, suggerint que 2 est�a present 
oma mes
la de dues 
onforma
ions diferents, una sim�etri
a i una asim�etri
a (anti/anti(Fig. D.24, 2
) i anti/sin (Fig. D.24, 2a or 2b)) gr�a
ies a la rota
i�o de l'enlla�
C-Namida que es 
ongela a baixa temperatura (Fig. D.22).El despla�
ament qu��mi
 observat en experiments de dilu
i�o en base a 2D 1H-RMN COSY fa 
on
loure que, dels 
onformers asim�etri
s, el dim�eri
 2b �es preferit(Fig. D.23). Totes les formes 
onforma
ionals possibles es rela
ionen a traves de laseg�uent proposta esquem�ati
a (Fig. D.24).Els resultats indiquen que a mesura que s'augmenta la 
on
entra
i�o a 240 K,la forma auto-asso
iativa preferida �es la 2b. Per aquest motiu, en 
ir
umst�an
iesen les quals el mode d'agregat �es similar al de l'estru
tura 
ristal�lina es dedueixque els 
ristalls haurien de presentar el 
onformer 2b (
ontr�ariament als resultatsobtinguts de l's
reening polim�or�
, que es basen en el 2
). Aquestes observa
ionssugereixen que la forma
i�o dels agregats en 
adena 
ap i 
ua estan afavorits gr�a
iesa la 
ooperativitat dels enlla�
os d'hidrogen.Tenint en 
ompte aquests resultats en solu
i�o, es va estudiar el fenomen de la
ooperativitat i la seva rela
i�o amb la prefer�en
ia d'aquests 
ompostos per la 
onfor-ma
io en 
adena anti/anti en estat s�olid dissenyant un nou 
ompost model senzill:la dimetilesquaramida (5). Per fer-ho es va apli
ar la teoria desenvolupada per
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Fig. D.22: Equilibri 
onforma
ional i espe
tre de 1H-RMN del 
ompost 2 en CDCl3 a 240 K,260 K i 290 K

Fig. D.23: 2D 1H-RMN COSY a 240 K del 
ompost 2 durant la dilu
i�oChris Hunter, la qual es basa en l'�us d'uns par�ametres que quanti�quen el 
ar�a
terdonador o a

eptor d'enlla�
 d'hidrogen d'un grup fun
ional. Aquests par�ametres es
al
ulen a partir de la superf��
ie de poten
ial ele
trost�ati
 (MEPS) de la mol�e
ula,obtenint una energia m�axima i m��nima que es tradueix en els par�ametres � i �(Fig. D.25).Amb aquest estudi es va observar que l'energia d'intera

i�o de l'agregat en 
on-forma
i�o anti/anti de 5 disminuia dram�ati
ament per efe
te de la 
ooperativitat i,en 
anvi, l'energia del sin/sin es mantenia 
onstant (Fig. D.26), suggerint una ex-pli
a
io per la qual les diesquaramides, en abs�en
ia de grups fun
ionals addi
ionals,presenten nom�es el sint�o supramole
ular anti/anti en estat s�olid.
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Fig. D.24: Ci
le termodin�ami
 proposat per a la dimeritza
i�o del 
ompost 2

Fig. D.25: Superf��
ies MEP i par�ametres d'enlla�
 d'hidrogen despr�es de la primera intera

i�odels 
onformers anti/anti i sin/sin.El resultat d'aquest estudi te�ori
 es va 
ontrastar amb un s
reening polim�or�
experimental de 5 a trav�es del qual nom�es es va obtenir una forma polim�or�
a quepresenta el sint�o predit anti/anti en 
adena (Fig. D.27). La teoria dels par�ametresd'enlla�
 d'hidrogen tamb�e es va apli
ar al sistema del 
ompost 2 (estudiat en dis-solu
i�o) i es van 
on�rmar les observa
ions experimentals.Com que la 
onforma
i�o sin/sin no es va observar en 
ap dels 
ompostos estu-diats, es va dissenyar una nova diesquaramida 
��
li
a 
ovalentment for�
ada (6)per tal d'estudiar les seves 
ara
ter��stiques estru
turals (Fig. D.28, (a)). La sevaestru
tura 
ristal�lina presenta la forma
i�o d'enlla�
os d'hidrogen esperada entre els
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Fig. D.26: Energies d'intera

i�o del mon�omer terminal (anti/anti: blau; sin/sin: vermell) 
al
u-lat amb DFT B3LYP 6� 31 +G� nivell de teoria utilitzant Spartan'10

Fig. D.27: Estru
tura 
ristal�lina del 
ompost 5NH� � �OC establerts entre dues mol�e
ules adja
ents formant 
adenes pr�a
ti
amental mateix pla (Fig. D.28, (b)).

Fig. D.28: (a) Esquema del 
ompost 6 (b) Estru
tura 
ristal�lina i super�
ie de Hirshfeld del
ompost 6 en les quals es mostren les intera

ions laterals en vermell



Resum 287En el primer estudi de les esquaramides 1, 2 i 3 es va observar que les inter-a

ions 
ompetitives 
om el � � � sta
king no afe
taven la 
onforma
i�o anti/anti.Per tal d'estudiar el seu efe
te en la 
onforma
i�o sin/sin, a priori menys estable,es va dissenyar una altra esquaramida ma
ro
��
li
a 
ontenint grups arom�ati
s (7,Fig. D.29, (a)). La seva estru
tura 
ristal�lina presenta la forma
i�o d'enlla�
osd'hidrogen entre grups NH� � �OC distorsionada en el pla en forma de zig-zag i inter-a

ions addi
ionals entre CO� � �Haromati
 i � � � sta
king (Fig. D.29, (b)). Aquestfenomen, observat per primera vegada, suggereix que la 
ooperativitat estabilitzaels agregats anti/anti superant l'efe
te de les intera

ions se
und�aries mentres quela 
onforma
i�o no 
ooperativa sin/sin �es menys resistent a la seva pres�en
ia.

Fig. D.29: (a) Esquema del 
ompost 7 (b) Estru
tura 
ristal�lina i superf��
ie de Hirshfeld del
ompost 7 en la qual es mostren les intera

ions laterals en vermellUna vegada es va observar la 
onforma
io sin/sin en diesquaramides, ens vamq�uestionar si les monoesquaramides, les quals estan m�es impedides en termes de
ooperativitat, podrien presentar la 
onforma
i�o sin/sin en estat s�olid. Per aquestmotiu es va dissenyar una monoesquaramida-ester senzilla (8) (Fig. D.30) i es varealitzar un s
reening polim�or�
 experimental. Nom�es es va otenir una forma ila seva estru
tura 
ristal�lina presenta d��mers esquaramida/esquaramida fortamentauto-asso
iats intera

ionant a traves d'enlla�
os d'hidrogen en 
onforma
i�o sin/sin,
om tamb�e intera

ions se
und�aries CO� � �Hethyl (Fig. D.31).Aquest resultat suggereix que, en abs�en
ia de grups donadors/a

eptors 
om-petitius, els dimers s�on m�es estables que les 
adenes probablement degut al fet quela 
ooperativitat es troba impedida per alinear les unitats esquaram��diques en 
a-dena. En aquest sentit, un altre 
ompost model es va dissenyar (9) 
ontenint ungrup pirid��ni
 addi
ional i se'n van 
al
ular els par�ametres � and � per 
ontrastar-los amb els resultats experimentals de l's
reening (Fig.D.32, (a)). L'estru
tura
ristal�lina 
on�rma la predi

i�o que grups 
ompetitius alteren el sint�o supramole
-ular (Fig. D.32, (b)).
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Fig. D.30: Sintons supramole
ulars possibles pel 
ompost 8

Fig. D.31: Agregats dim�eri
s observats en l'estru
tura 
ristal�lina del 
ompost 8 juntament ambla superf��
ie de Hirshfeld

Fig. D.32: (a) Par�ametres � i � pel 
ompost 9 (b) D��mers en l'estru
tura 
ristal�lina del 
ompost9Enginyeria 
ristal�lina: disseny de 
o
ristallsEn la seg�uent fase d'aquesta tesi es van dissenyar nous materials en base als 
oneixe-ments adquirits sobre l'estat s�olid dels derivats d'�a
id esqu�ari
. Com s'ha mostrat
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ions anteriors, tots els intents de 
ristal�litza
i�o de les diferents formes deles esquaramides van resultar en l'exist�en
ia d'una sola 
onforma
i�o anti/anti 
ap i
ua, a no ser que la mol�e
ula es for
�es 
ovalentment. Per aquest motiu, una primeraidea va ser dissenyar 
o
ristalls amb 
oformers donadors/a

eptors 
omplementaris
om els fenols i els �a
ids 
arbox��li
s apropiats per una 
onforma
i�o anti/anti i sin/sinrespe
tivament (Fig. D.33).
Fig. D.33: Esquema dels possibles sintons supramole
ulars amb 
oformers a

eptors i donadorsd'enlla�
os d'hidrogenEn
ara que el resor
inol i els �a
ids 
arbox��li
s semblessin �optims des d'un puntde vista geom�etri
, els 
�al
uls suggerien que no s'obtindrien 
o
ristalls amb lesdiesquaramides 5 i 7, degut al fet que les energies d'intera

i�o d'aquests heterosin-tons era menor a la dels homosintons (Fig. D.34).

Fig. D.34: Energies d'intera

i�o estimades dels heterosintons i els homosintons per a les 
onfor-ma
ions anti/anti i sin/sin dels 
ompostos 5 i 7, respe
tivament.Per a 
orroborar aquesta predi

i�o, es va portar a terme un s
reening experi-mental (extensiu a altres bons grups donadors/a

eptors d'enlla�
 d'hidrogen) amb
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ompostos 5 i 7 i no va produir 
ap 
o
ristall.1 Aquests resultats refor
en lateoria que l'autoagrega
i�o dels anells esquaram��di
s en 
onforma
i�o anti/anti enestat s�olid �es robusta i dif��
il de ser perturbada per altres grups 
ompetitius.

Fig. D.35: Coformers utilitzats en l's
reening de 
o
ristalls dels 
ompostos 5 i 7Per aquesta ra�o, vam dissenyar dues noves estrat�egies d'enginyeria 
ristal�lina: laprimera basada en impedir la 
onforma
i�o anti/anti en 
ap i 
ua a traves d'enlla�
osintramole
ulars (Fig. D.36 (a)) i la segona, que 
onsisteix en apro�tar la 
onforma-
i�o anti/anti i es
ollir 
oformers 
omplementaris que intera

ionin amb les 
adenesse
und�aries perif�eriques fun
ionalitzades de les esquaramides (Fig. D.36 (b) i (
)).Primera estrat�egia: preorganitza
i�oEn aquesta estrat�egia es va estudiar l'efe
te d'introduir un a

eptor d'enlla�
 d'hidrogenextra a l'esquaramida amb l'obje
tiu de modi�
ar la prefer�en
ia pel model auto-asso
iatiu 
ooperatiu observat en les esquaramides estudiades �ns el moment i1En el 
as del 
ompost 7 es van identi�
ar indi
is d'una fase nova que no es va poder 
ara
-teritzar su�
ientment 
om per a�rmar la pres�en
ia d'un 
o
ristall
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Fig. D.36: Esquema del disseny de 
o
ristalls: (a) via enlla�
os d'hidrogen intramole
ulars i (b,
) via intera

ions perif�eriquesgenerar nous sintons supramole
ulars. Es van dissenyar els 
ompostos 10 i 11(Fig. D.37).

Fig. D.37: Esquema dels 
ompostos 10 i 11Es va realitzar un s
reening polim�or�
 no exhaustiu pel 
ompost 11 pero de-safortunadament no es va poder obtenir l'estru
tura 
ristal�lina de l'�uni
a formaobtinguda.En
ara que les esquaramides s�on bons donadors/a

eptors d'enlla�
 d'hidrogen,les monoesquaramides poden presentar diversos sintons supramole
ulars i per aquestmotiu es va seguir l'estrat�egia amb el 
ompost 10. Quatre sintons diferents es podienesperar: la 
on�gura
io en anti/anti podia produir dos sintons, el pol��mer 
ap i 
uai el monomer intramole
ular (Fig. D.38 (a) and (b)), mentres que el la 
on�gura
i�oen sin/sin podia produir la 
adena i el mon�omer intramole
ular (Fig. D.38 (d) and(
)).Es va portar a terme un s
reening polim�or�
 obtenint tres formes: dues anhidresi un hidrat, de les quals se'n va poder resoldre la seva estru
tura 
ristal�lina a partirdel difra
tograma de pols, ex
eptuant l'hidrat (Fig. D.39 i Fig. D.40).
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Fig. D.38: Sintons supramole
ulars esperats pel 
ompost 10 amb les seves 
orresponents de-s
rip
ions gr�a�ques

Fig. D.39: Diagrames de DRXP de les formes I, II i III. La forma II es va obtenir amb unexperiment de DRXP de temperatura variable a partir de la forma I (tamb�e present en la �gura)
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Fig. D.40: Estru
tures 
ristal�lines de les formes I i II mostrant intera
ions d'enlla�
 d'hidrogeninter i intramole
ularsLa forma I presenta un anell de sis membres a traves d'enlla�
os d'hidrogenintramole
ulars, quasi perpendi
ulars al pla de�nit per l'anell de piperazina. Capesparal�leles de mol�e
ules s'estabilitzen a trav�es d'intera

ions � � � sta
king entreels anells de 
i
lobut�e i intera

ions febles d'enlla�
 d'hidrogen entre els ox��gens
arbon��li
s i els hidr�ogens de la piperazina. La forma II, en 
anvi, presenta una
on�gura
i�o 
ap i 
ua a traves d'enlla�
os d'hidrogen intermole
ulars i els anells de
i
lobut�e intera

ionen via � � � sta
king. En ambd�os 
asos l'anell de piperazinaadopta una 
onforma
i�o de 
adira.Una vegada 
on�rmada la 
onforma
i�o intramole
ular, vam de
idir utilitzar lapreorganitza
i�o per a dirigir la forma
i�o de 
o
ristalls amb 
oformers doblementdonadors d'enlla�
 d'hidrogen i es va portar a terme un s
reening de 
o
ristalls entreel 
ompost 10 i el resor
inol esperant una estru
tura similar a la proposada en la�gura D.41.
N

N

O

OO

O O

ON

N
H

H

O

OH

H
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O

H

H

R2
2 (11)

Fig. D.41: Complementarietat a

eptor-donador entre el 
o
ristall esperat pel 
ompost 10 i elresor
inolEs van obtenir dos 
o
ristalls: un anhidre i un hidrat, amb estequiometries 1:2(10:resor
inol) i 1:2:2 (10:resor
inol:water), l'estru
tura dels quals no 
orresponia al'esperada (Fig. D.42). No obstant aixo, es van obtenir eviden
ies de polimor�smedurant l's
reening de 
o
ristalls que no des
arten el sint�o supramole
ular esperatR22(10).En resum, vam estudiar 
om la forma
i�o d'un enlla�
 d'hidrogen intramole
ularafe
ta el polimor�sme d'una monoesquaramida-ester. No obstant aixo, la preor-
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Fig. D.42: Estru
tura 
ristal� dels 
o
ristalls amb resor
inolganitza
i�o no ha sigut su�
ient 
om per dirigir la forma
i�o d'un 
o
ristall entre undoble do-nador i un doble a

eptor que hav��em esperat. Per altra banda, s'hanpogut observar tres dels quatre sintons supramole
ulars proposats a priori pel 
om-post 10.Segona estrat�egia: 
o
ristal�litza
i�o amb 
oformers 
omple-mentaris via intera

ions perif�eriquesTotes les di�
ultats en impedir el sint�o 
ap i 
ua en anti/anti de les esquaramidesse
und�aries revela que aquests 
ompostos poden ser molt atra
tius per ser explotats
om a plantilla estru
tural en el disseny de noves estru
tures multi
omponents.Amb una fun
ionalitza
i�o adequada dels substituents de les 
adenes se
und�aries,els 
oformers 
omplementaris hi poden establir fortes intera

ions perif�eriques.Co
ristalls amb 
oformers donadors d'enlla�
 d'hidrogenEs va realitzar un s
reening de 
o
ristalls entre dos models esquaram��di
s (2 i 4, Fig.D.43) que 
ontenen grups piridil i dimetilamino, i un 
onjunt de 
oformers donadorsd'enlla�
 d'hidrogen (taula D.1) i el resultat va ser la identi�
a
i�o de tres i sis formess�olides multi
omponents, respe
tivament, 
om tamb�e indi
is de l'existen
ia d'altresfases. Seguidament es presenten les estru
tures 
ristal�lines obtingudes.� Co
ristall 2 : �a
id fum�ari
 : ACN
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Fig. D.43: Esquema dels 
ompostos 2 i 4.Tab. D.1: Experiments de 
o
ristal�litza
i�o dels 
ompostos 2 i 4. -: 
ap s�olid obtingut, 0: 
ap
o
ristall, 1: indi
is de fases noves, 2: 
o
ristall 
on�rmat per DRXS o DRXP i 1H-RMNCoformer Compost 2 Compost 4�A
id fum�ari
 2 2�A
id p-nitrobenzoi
 2 1�A
id glut�ari
 0 1�A
id glut�ami
 0 1�A
id ox�ali
 1 1�A
id 
��tri
 0 1�A
id esqu�ari
 1 2Resor
inol 0 2Urea - 1Ni
otinamida 0 1

Fig. D.44: Estru
tura 
ristal�lina del 
o
ristall solvat amb ACN entre el 
ompost 2 i l'�a
idfum�ari
, 1:1:2 (mol�e
ules d'ACN no presents)
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id fum�ari
 : MeOH : aigua

Fig. D.45: Estru
tura 
ristal�lina del 
o
ristall solvat amb MeOH/aigua entre el 
ompost 4 il'�a
id fum�ari
, 2:2:1:3 (mol�e
ules d'aigua no presents)Les estru
tures 
ristal�lines de 2 i 4 amb �a
id fum�ari
 presenten un tipus de
onforma
i�o 
ap i 
ua diferent. Les dues s�on 
adenes, pero el 
o
ristall de2 presenta un motiu tipus anell R22(10) format per deu �atoms en el qual hiparti
ipen els dos donadors i a

eptors d'enlla�
 d'hidrogen. Per altra banda,el 
o
ristall de 4 
ristal�litza mitjan�
ant una estru
tura 
ap i 
ua despla�
ada,possiblement a 
ausa de les intera

ions de l'�a
id fum�ari
, formant una 
a-dena (C(6)), en la qual parti
ipen nom�es un donador i un a

eptor d'enlla�
d'hidrogen (Fig. D.46).

Fig. D.46: Motius estru
turals en 
ap i 
ua de les formes multi
omponents de (a) 2 i (b) 4 amb�a
id fum�ari
 (Coformers no presents)� Co
ristall 4 : resor
inol
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as s'han identi�
at dues formes polim�or�ques anhidres de 
o
ristall(Fig. D.47) de les quals nom�es s'ha pogut resoldre una estru
tura 
ristal�linaa partir del difra
tograma de pols (Fig. D.48).

Fig. D.47: Diagrames de DRXP de les dues formes polim�or�ques del 
o
ristall entre 4 i resor
inol(1:1)

Fig. D.48: Estru
tura 
ristal�lina del 
o
ristall entre 4 i resor
inol, forma I



298 Resum� Sal 4 : �a
id esqu�ari
 : aigua

Fig. D.49: Sal hidratada entre 4 i �a
id esqu�ari
Co
ristalls amb 
oformers a

eptors d'enlla�
 d'hidrogenEn aquest 
as es va de
idir expandir l'estrat�egia anterior fun
ionalitzant els sub-stituents de les 
adenes se
und�aries de les esquaramides amb donadors d'enlla�
d'hidrogen (Fig. D.50) i es va dissenyar el 
ompost 12.
Fig. D.50: Esquema de (a) una diesquaramida general amb grups donadors d'enlla�
 d'hidrogenperif�eri
s i (b) 
ompost 12El resultat de l's
reening de 
o
ristalls realitzat amb un 
onjunt de 
oformersa

eptors d'enlla�
 d'hidrogen es resumeix a la seg�uent taula D.2.De tots els indi
is observats, nom�es es van poder obtenir dues estru
tures 
ristal�linesde solvats del 
ompost 12: en etanol i en DMSO/aigua (Fig. D.51).En
ara que els solvents no es van emprar 
om a 
oformers, les dues estru
-tures 
ristal�lines posen de manifest que l'estrat�egia proposada per a la forma
i�ode 
o
ristalls amb a

eptors d'enlla�
 d'hidrogen via intera

ions d'enlla�
 d'hidrogenperif�eriques podria fun
ionar.



Resum 299Tab. D.2: Experiments de 
o
ristal�litza
i�o del 
ompost 12. -: 
ap s�olid obtingut, 0: 
ap
o
ristall, 1: indi
is de fase nova, 2: 
o
ristall 
on�rmat per DRXS o DRXP i 1H-RMNCoformer Compost 12�a
id ox�ali
 1resor
inol 0ni
otinamida 1isoni
otinamida 1bipiridina 1piridina 1

Fig. D.51: Estru
tures 
ristal�lines dels solvats de 12 amb (a) etanol i (b) DMSO/aiguaAutoensemblatge i efe
te plantilla: arquite
turesheli
oidalsConsiderant que el motiu estru
tural 
ap i 
ua es pot utilitzar 
om a plantilla,vam dissenyar una nova esquaramida asim�etri
a (13) fun
ionalitzada amb grupsa

eptor i donador d'enlla�
 d'hidrogen al mateix esquelet amb l'obje
tiu de produirnoves topologies autoensemblades. En un primer moment, es van suggerir dostipus d'estru
tura: (a) 
��
li
a i (b) polim�eri
a, que podrien donar llo
 a estru
turesheli
oidals (Fig. D.52).L'estru
tura 
ristal�lina del 
ompost 13 revela una 
adena d'agregats formantuna h�elix (seguint el model (a) de la �gura D.52), i les unitats es 
onne
ten entreelles mitjan�
ant intera

ions febles de CH{� (Fig. D.54). �Es una estru
tura sensepre
edent en les esquaramides.Aquesta estru
tura �es ra
�emi
a, una 
ombina
i�o d'una h�elix en rota
i�o hor�ariai una h�elix en rota
io antihor�aria (Fig. D.55).
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Fig. D.52: Possibles agregats de 13 (a) C��
li
 i (b) Polim�eri


Fig. D.53: Estru
tura 
ristal�lina del 
ompost 13

Fig. D.54: (a) Empaquetament heli
oidal via intera

ions CH� � �� i (b) intera

ions CH� � ��entre el grup metilamino i l'anell arom�ati
 en el 
ompost 13
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Fig. D.55: Rota
i�o hor�aria i antihor�aria de les dues h�elix diferents en el 
ristall ra
�emi
 del
ompost 13Derivats d'�a
id esqu�ari
 amb 
�arrega: 
ompressi�oele
trost�ati
aFinalment en aquesta tesi, es van estudiar altres derivats d'�a
id esqu�ari
 tenint en
ompte efe
tes 
om la 
ompressi�o ele
trost�ati
a, ja des
rita en sals d'�a
id esqu�ari
a la bibliogra�a, i intera

ions d'enlla�
 d'hidrogen de 
�arrega assistida.Amb l'obje
tiu de 
ombinar les intera

ions esmentades es va explorar uns nousderivats zwitteri�oni
s de l'�a
id esqu�ari
 per tal de dissenyar noves estru
tures supra-mole
ulars en l'estat s�olid. El 
ompost 17 va ser l'obje
te d'estudi (Fig. D.56).
Fig. D.56: S��ntesis de l'esquaramida zwitteri�oni
a 17 i esquema de l'autoensemblatge a trav�esde la 
ompressi�o ele
trost�ati
aEn prin
ipi, dos sintons supramole
ulars s�on geom�etri
ament possibles: un anellR22(10) (Fig. D.57 (a)) i una 
adena C(5) or C(6) (Fig. D.57 (b)).Per tal d'estudiar aquesta hip�otesi, es va realitzar un s
reening polim�or�
 delqual se'n van obtenir dues formes anhidres i un hidrat. Les tres formes presentend��mers ele
trost�ati
ament 
omprimits i enlla�
ats entre ells via intera

ions de N-H� � �O (Fig. D.58).
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Fig. D.57: Motius estru
turals d'ensemblatge diferents pel 
ompost 17
Fig. D.58: D��mers en sta
king (d
entroides) per a les formes anhidres I i II del 
ompost 17La parti
ularitat de 
ada anhidre �es la 
onnexi�o dels d��mers, produint sintonssupramole
ulars diferents pels dos polimorfs: anells R22(10) en la forma I i una
adena C(5) en la forma II (Fig. D.59).En el 
as de l'hidrat (forma III), s'observa un sint�o supramole
ular diferent: una
adena C(6) estabilitzada per mol�e
ules d'aigua a traves d'enlla�
os d'hidrogen (Fig.D.60).Per altra banda, durant l's
reening polim�or�
 es va obtenir una forma multi
om-ponent degut a l'exist�en
ia de tra
es d'�a
id esqu�ari
: una sal monosquarat/17. Dela mateixa manera, l'estru
tura presenta els d��mers ele
trost�ati
ament 
omprimitsja observats en les altres formes des
rites per aquest 
ompost (Fig. D.61). Una 
a-ra
ter��sti
a important d'aquesta estru
tura �es que els enlla�
os d'hidrogen entre elsanells d'�a
id esqu�ari
 s'estableixen en forma d'anells R22(10) pr�eviament observadaen l'�a
id esqu�ari
.
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Fig. D.59: Sintons supramole
ulars observats en la forma I (a) i la forma II (b) 
onne
tant elsd��mers ele
trost�ati
ament 
omprimits en el 
ristall

Fig. D.60: Sint�o supramole
ular observat juntament amb els d��mers en sta
king de la formahidratada (forma III)Aquests resultats suggereixen l'�us poten
ial d'estru
tures zwitteri�oniques au-toensemblades 
om a 
oformers e�
ients en la 
er
a de nous 
o
ristalls amb unavarietat d'a

eptors/donadors d'enlla�
 d'hidrogen 
om �a
ids 
arbox��li
s, urees, amides,et
.Aquesta tesi �es un estudi multidis
iplinar de l'estat s�olid de derivats de l'�a
id es-

Fig. D.61: Estru
tura 
ristal�lina de la sal monosquarat/17



304 Resumqu�ari
, en el qual es 
ombinen �arees 
om l'enginyeria 
ristal�lina, la sintesi org�ani
a,la qu��mi
a supramole
ular i la 
ristal�logra�a. A m�es a m�es, s'han utilitzat metodolo-gies experimentals d's
reening tant polim�or�
 
om de 
o
ristalls, 
om tamb�e v�ariest�e
niques d'an�alisi. Finalment, el fet que els 
ompostos model s�on dif��
ils de
ristal�litzar en qualitat de mono
ristalls, ha perm�es optimitzar un m�etode de res-olu
i�o d'estru
tures 
ristal�lines a partir del difra
tograma de pols.


