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1.1 INTRODUCTION

Solid state chemistry, in its many facets, is thidigpg principle for different projects
carried out in this thesis. Most of the projectscdssed here involve organic and
pharmaceutical materials and some projects aredbasemetal-organic clusters and
frameworks. All projects focus on the design, sgsth and characterization of these
compounds in the solid state and emphasize thenizautical applications of the
methods developed and materials prepared. Thetolgenf this introductory chapter is
to discuss various condensed phases of matteringeldarmaceutical processihgnd
point to areas where the contents of this thesikemsme contributions. Our work
involves oriented crystal growth on surfaces tHfgracomplementary functional groups,
control of polymorphism using fluorous substratest tinhibit heterogeneous nucleation,
preparation of binary cocrystals that use singled anulti-point hydrogen bonds, and
synthesis of multicomponent solid solutions thatntam a target molecule and several
isosteric components. Crystals, polymorphs, sob/ateutral cocrystals, ionic cocrystals,
and solid solutions are the various phases thaspeeifically prepared or fortuitously
encountered in this woA In the following sections we highlight the propestof these
phases and discuss their relevance in pharmackdéiealopment.

1.2 MOLECULESAND MOLECULAR AGGREGATES

Molecules are a collection of atoms bound togethecovalent bonds. The assembly of
molecules depends on their size, chemical compositind three-dimensional structure.
Molecules, when aggregate into macroscopic state, adopt different structures and
have different energies. The macroscopic forms #rat homogeneous in chemical
composition and physical state and that exhibiingef boundaries are callguhases.
Molecules exist as phases and the bulk propertiasgiven compound are defined by its
phase structure and composition.

In different phases, molecules are at differentssons and orientations and participate
in intermolecular interactions of different stremgand geometry. These interactions,
though weak, influence the material properties ofg@en compound; in the
pharmaceutical realm, they determine the importargits such as solubility,
bioavailability and long-term stability. Controlrthe phase structure and composition is
therefore an essential part in drug development.

1.3 THE FOUR PHASESOF MATTER

We generally consider matter to adopt one of the fmossible phases: gases, liquids,
mesophases and solids. In gases, molecules aapddrand their relative orientation and
separation do not significantly affect macroscoproperties. In liquids, though the
molecules are closer to each other than they agases, the relative orientation and
separation of the components hardly affects thek prbperties of the liquids. In
crystalline solids, molecules are locked into spearientations and separations and
changes in orientations and separations betweerpauents lead taifferent solid
phases (polymorphs) with different macroscopic prags.
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Mesophases possess some characteristics of ligandssome of solids. In liquids
molecules have positional, orientational, confoiora@l and vibrational freedom. In
crystalline solids all freedoms but the vibrationak are absent. Mesophases are formed
when certain freedoms are introduced into the sstide. For example, solids in which
the components have (a) positional freedom resuliquid crystals, (b) orientational
freedom result in plastic crystals, and (c) confational freedom result in condis
crystals. Together, liquid crystals, plastic cristand condis crystals are called
mesophases.

1.4 PHARMACEUTICALLY RELEVANT CONDENSED PHASES

It is essential to understand the structures aretgetics of phases to master their
synthesis and control their properties. In previsastion, we discussed the structural
aspects of the phases. As the molecular motioniredmolecular separation decrease
when one goes from gases, to liquids, to mesophasddo solids, the packing order and
intermolecular attraction increase in the samerorfeus, the more condensed the phases
get the lower is their free energy. Crystallineid®lare energetically the most stable of
the phases and are most often used in drug develufrRigure 1.1 shows some of the
macroscopic forms used in pharmaceutical formubatioln addition to the phases
discussed above, it contains the amorphous sodgphnd multicomponent phases such
as salts, solvates and cocrystals. Below we wdtuals the properties of these distinct
forms and their relevance in dosage design andvotk.

\
-

J

\
solid solutions cocrystals
>~
ionic cocrystals y

Figure 1.1 Schematic representations of different forms ttest be generated form an
active pharmaceutical ingredient (API). Solid formgicated in blue are traditionally used
in pharmaceutical industry. Forms in yellow andkplirave been proposed as new types of
phases for drug formulations.
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1.5 AMORPHOUS SOLIDS

Amorphous solids, also called glasses, are condepbases of matter that lack long
range molecular order, but possess some short adge’ Though amorphous solids are
widely studied, little is known about their struguMost of this structural information is
obtained on inorganic glasses and that informaisoextended to organic amorphous
materials. Amorphous solids are formed by kinetithprays; they are metastable with
respect to their crystalline counterparts. Glasses generally prepared by cooling a
material below its melting point and arresting plesitions of molecules within this super
cooled liquid. Pharmaceutical amorphous solidspaepared by methods such as spray
drying, rapid solvent evaporation, temperature gham, lyophilization, and mechanical
compactiorr.

Amorphous solids have lower packing efficiency,hgig molecular disorder and higher
potential energy than crystals. Higher energy obm@ohous solids leads to their lower
stability but also to higher solubility, bioavaility and reactivity*® The differences in
energy between the two solid states often resuwltheé transformation of the amorphous
solid to the crystalline solid. This transformatisndictated by the kinetic barrier; higher
the barrier the greater the stability of amorpheaBds. The path to crystallization is
often induced by humidity, temperature, pressuresame other external factor. The
processes in the early development, lyophilizafmmexample, often produce solids that
are more amorphous than crystalline, and exhibipesar solubilities and
bioavailabilities. In late stage development, hogrepurer and larger quantities of the
drugs readily vyield crystalline solids that exhikitferior dissolution properties.
Recognition and control of the solid phases ars thucial in drug development. Figure
1.2 shows different forms an API can adopt foriasermulations.

R R RERR
S QR 9999
LR S Chee

amorphous solid crystal solvate
(single component) (single-component) (two-component)

SoS  6eee eece

molecular SS cocrystal supramolecular SS
(two-component) (two-component) (four-component)

Figure 1.2 Schematic representations of various solid stteg APl (grey object). Pink
circles represent solvent molecules and blue abjespiresent molecule that are isosteric
with API. White, green and orange ovals represasieaules that can form hydrogen bonds
with API to yield cocrystals or solid solutions.&term SS stands for solid solution.
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1.6 CRYSTALLINE SOLIDS

Crystalline solids, the most widely used condengkdses in pharmaceutical pracfice,
exhibit short rangand long range molecular order. Short range ordemrystals arises
from specific, directional, and attractive intefans between complementary portions of
molecules. Long range order results in a macrosopipase with lowest potential energy.
Crystals, with their periodic structures, lend tiselaes well to diffraction analysis and
allow the determination of three-dimensional stupes of molecules and intermolecular
packing. From this data, one can glean informatéyout molecular composition,
conformation, and stereochemistry, and intermobacinteractions, packing patterns, and
packing efficiency*™® Crystals are the most stable condensed phasesr@ndhost
sought after targets in drug development. Extensdgearch has been done in areas of
crystal growth, structure determination, and thsigte of crystal structures. In Chapter 2
we discuss the importannce of heterogeneous niareat crystal growth and how it
may impact the oriented growth of carbamazepine. figlds of crystal engineeringnd
supramolecular chemistfyyenhanced our understanding that properties ofrapoand
are dependent on moleculand supramolecular structure. In the following sectjonws
discuss various forms in which the single or moltiponent crystals can be obtained and
how these forms affect the properties of the tacgetpound.

1.7 POLYMORPHS

The ability of a chemical entity to crystallize more than one solid state structures is
known as polymorphisf.An oft quoted statement asserts tla¢ry compound has
different polymorphic forms, and the number of forms known for a given compound is
proportional to the time and money spent in research on that compound.** A well known
example is ROY, a pharmaceutical intermediate #tahe moment has seven reported
polymorphs?® It is estimated that about 30% of the pharmaceisticexhibit
polymorphisnt

Polymorphs can exhibit different lattice structucesdifferent molecular conformations
or both. Conformational polymorphism refers to structures in which molecules exist in
different conformations but retain the same paclkirrgngemen®acking polymorphism,
exhibited by many rigid molecules, refers to crigsta which the components retain the
same conformation but show different packing areangnts. Different polymorphs of
the same molecule often exhibit very different mndigs and behave as different
materials. They may show different thermodynamiogtic, spectroscopic, mechanical
and physicochemical properties. This awarenesseiy vmportant in fields where
products are commercialized as crystalline solidscli as drugs, food additives,
pigments, explosives).

In pharmaceutical industry, thermodynamically m&table polymorphs are often chosen
as final drug products because they are less liketpnvert to other macroscopic phases.
The disadvantage of this approach is that usualyniost stable polymorph is the least
soluble therefore shows the lowest bioavailabillyhen the most stable form is not

indentified during the initial polymorph screeniiignay have devastating consequences
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on the marketed drug. A well known example is thsecof ritanovir (Norvir}® During
the formulation process only form | was discoversfier about two years on the market
capsules containing ritanovir drug failed to dissodue to the precipitation of new,
thermodynamically more stable form of the drug rtidt). The difference in solubility
of form | and form Il is about five fold. The origal drug formulation had to be taken
back from the market and the new formulation hadbéo developed. This extreme
example shows the importance of extensive workéndarly development to identify all
possible forms and their stabilities. We show ira@iers 3 and 4 a unique method that
promotes the crystallization of more stable polypms under conditions that are
favorable for the growth of less stable polymorphs.

1.8 SOLVATES

Besides single component polymorphs, organic comgewcan also exist as solvates,
salts and other multicomponent materials such abaly or solid solutions. Of practical
interest are solid forms containing solvents, whemlgent molecule is incorporated in the
crystal lattice in a stoichiometric or a non-staichetric ratio. They are generally known
as solvates but sometimes also called as pseudopgis. Solvates are capable of
bringing significant changes in properties comparted polymorphs of the API
molecule!™™®

During the drug development process pharmaceuiclids are exposed to solvents or
solvent vapors. The most common solvent-based psesethat lead to the formation of
solvates in pharmaceutical industry are preciftgticrystallization, wet granulation or

dissolution. The tendency of an APl molecule taxfaolvates is highly related with its

molecular structure, ability to form hydrogen bondsd overall size and shape. A
molecule that possesses greater number of hydioges donors than acceptors (or vice
versa) will show higher tendency to form solvatesaddition, the tendency of solvation

increases with the size of the molecule and ioitrat

Nucleation of unsolvated crystals from solvent ieggisolute-solvent interactions to be
replaced by solute-solute interactions. Relativahble solute-solvent interactions may
lead to formation of solvated crystals. An analysfishe Cambridge Structural Database
(CSD) showed that water is most frequently metagase former due its abundance in
atmosphere, its small size and its ability to behag both hydrogen bond donor and
acceptor? In general, more than 57% of drug molecules footymorphs or solvates.
The antibacterial drug sulfathiazole forms an iddsty high number of solvates, over
one hundred of theft.

Solvates can be attractive candidates for drugldpreent especially when they exhibit
higher solubility compared to other solid statenfer In contrast, unintended hydrate
formation can lead to decreased solubility in bl@od failure of an otherwise potent
drug. Solvates are common among drug substancesa &etter knowledge of solvent-
API interactions will help to understand and cohtomplex behavior of molecules.
Solvents, most often than not, included into ciyistilice by chance, not by choice. The
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intended incorporation of a foreign chemical entitto a drug substance can lead to a
neutral cocrystal, an ionic cocrystal or a salt.

1.9SALTS

Drug discovery has gone through significant charigethe last decade. The increased
use of combinatorial chemistry, computational modgln drug discovery as well as the
recent change in the in vitro biology screeninghmdtfrom manual screening of aqueous
soluble drugs to high-throughput screening of commgis soluble in DMSO led to
compounds with very low solubility. Newly proposeédigs typically tend to have larger
molecular size and a greater number of hydrogenlibgrgroups, leading to a significant
decrease in solubility. Consequently, targeted aamgs have low aqueous solubility
limiting their use for oral absorption.

Polymorphs and solvates offer limited variationsofid forms of a given API. In case of
insoluble drugs, crystal engineering approacheswalls to design new solid forms
without altering the chemical activity of the conymal. The most common method
involves salt formatioR? To create a salt, a drug candidate must posseisie (acidic
or basic) functional group. Typically, a stablet salformed when the difference pKa
values between the acid and base is at least tit®. Wsually, preparation of drug salts
significantly improves its aqueous solubility andodvailability compared to the
corresponding uncharged molecule making saltstdaitzhoice for drug formulation.

1.10 COCRYSTALS

When a drug molecule is weakly basic or acidicrgstals (Figure 1.2) can be used as
new alternatives to salf8. There are many views on what constitutes a caalffst
According to one definition, at least two compomsenf the crystal should interact
through hydrogen bonding or other noncovalent adgons. An additional constraint
proposed is that all components should be solid®a@n temperatur€. Cocrystals are
described in literature under different names sagtorganic molecular compounds or
complexes® Widely known examples of molecular complexes wegorted a century
ago, where derivatives of hydroquinone complexeth wuinine were used to produce
photographic films. The term cocrystal itself wased for the first time in a 1963
patent’ where adducts of different phenols and amines wragnined as photosensitive
compositions to create colored images.

Cocrystals can be designed by crystal engineerpoached? Typically molecules

containing complementary functional groups that fmam specific heteromeric synthons
can crystallize together to give a cocrystal. Cetalg significantly change the
intermolecular interactions and modify crystal gagk Thus, cocrystals can be used to
alter the physical and pharmaceutical propertigh®fdrugs. Most of the small molecule
drugs possess functional groups capable of fornipdrogen bonds, making them
suitable candidates for cocrystallization. Formatiof drug cocrystal provides new
opportunity to design different solid forms with hemmced pharmaceutical properties
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while the activity of the API is unchang&ln Chapter 5 we discuss the preparation of
cocrystals and their utility in preparing suprancollar solid solutions.

There are several recent examples that illustregeitility of cocrystals in pharmaceutical
phase$™?’ For example, nicotinamide (form of vitamin B-3) tine pure form of drug
shows high hygroscopicity and deliquescent behawder humidity. Crystalline adducts
of nicotinamide and fatty acids in 1:1 ratio sigzahtly improve the hygroscopic
behavior of the drudf In the solid state nicotinamide molecules intersith each other
through hydrogen bonding associated with amide ggpuwhile fatty acids form
heterosynthons with the pyridyl N-atoms of the driige acid-pyridyl synthon reduces
the affinity of the drug towards water and hencprionves its hygroscopicity.

1.111oNIc COCRYSTALS

The distinction between salts and ionic cocrysislselated more to the way they are
made than the charges on the components within.th&alts, traditionally, are formed
by mineral acids or alkaline or other metal hyddexbase$’ The counter ions in these
traditional salts are spherical and often theimtmm within a crystal is determined by
close packing than specific directional interactiolonic cocrystals on the other hand are
made with the specific objective of bringing togathhe participating molecules into
particular local geometries. The components withiese ionic cocrystals are typically
connected by charge-assisted hydrogen bonds.

Q 0 o
@N----H—O>_© @lf—-H--?(_?_O @ﬁ—ﬂ---'c?_@
(CY ( (c)

b)

Figure 1.3 Representation of the molecular complexes wk@r@roton transfer is absent,
(b) proton is partially transferred, aiic) where proton is fully transferred.

lonic cocrystals can be distinguished by the laratdf proton between cocrystallized
acid and base, where complete proton transfer sc&uch proton transfer is absent in
neutral cocrystals. It is generally proven thaidaocrystals are formed ffpKa (fKayase

— PKayiq iS greater than 3, neutral cocrystals will mosélgult if ApKa is less than 0, and
if ApKa is between 0 and 3 both can be obtained or stadsywith partial proton transfer
are formed. The extent of proton transfer is sthpimgfluenced byApKa values as well as
crystalline environment (crystal structure). Fa gractical use in drug development both
cocrystals and ionic cocrystals can be valuablaicl@ocrystals are desirable in case
where API solubility is an issue; solubility of i@ed complex in water is generally
higher. In cases where the dissolution rate is rmportant than solubility, cocrystals of
API can be more beneficial. However, in some casls cocrystals and ionic cocrystals
may show almost identical physical properties.
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1.12 SOLID SOLUTIONS

Crystalline materials where the lattice sites areupied with the random population of
two or more components are called solid solutioRgure 1.2)*° Most molecular
complexes are prepared as cocrystals; to date amgnall number of molecular solid
solutions are reported. Traditionally, organic gdl@re formed by molecules with similar
shapes and sizes. Creation of an alloy of an arfgitorganic compound is extremely
difficult because most organic molecules possesscate shapes and participate in
directional intermolecular interactions.

Solid solutions can be interstitial or substitubnThe former are obtained when a
second component is incorporated into the voidserein the crystals of the first
component. In this work, we are interested in stiiginal solid solutions, where the
second component replaces the first component radora sites within its crystal.
Extensive work carried out by Kitaigorodskii showitht organic substitutional solid
solutions can be made when the participating compiznhave the same shape, same size
and adopt similar crystal structur€sOwing to these restrictions, not every compound
can form solid solutions; the restrictions are ipatarly stringent for pharmaceutical
molecules. In Chapter 5 we present a new approagbréparesupramolecular solid
solutions of any compound that is capable of fogrincrystalg®

1.13 SUMMARY AND CONCLUSION

Condensed phases of matter can exist as crystatgpaous solids or mesophases. The
differences in the molecular separations and at@nts within these phases result in
their different macroscopic properties. Controllittee phase obtained is therefore an
important step in drug development. Polymorphs aystalline materials of the same

chemical entity with different structures. Our woik Chapters 3 and 4 describes
suppression of nucleation as a new technique ttraatme crystal growth and enhance
the yield of stable polymorphs. Crystalline sol@s be single or multicomponent, and
among the latter, salts and solvates have beeriedtudr a long time and used

extensively in marketed drugs. New forms of multipmnent phases include cocrystals
and solid solutions; the utility of these phaseglarmaceutical formulations is slowly

emerging in current research. Our work in Chaptatissusses a new method for the
preparation of supramolecular solid solutions iniclwhthe properties of the resultant

materials are finely tuned based on the nature@ative content of the components.
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2.1INTRODUCTION

Most pharmaceuticals are developed and marketedlas. Crystalline solids, owing to
their long term stability, are used in pharmacealtiformulations in preference to
amorphous solids.Consequently, fundamental understanding of criysatibn and the
control of crystal growth are critical in the eadgvelopment of pharmaceuticals and
their manufacturing. Much effort in pharmaceuticaystallization is centered on the
manipulation of crystal size and shape, to conth@ chemical properties such as
dissolution and mechanical properties such as tditla Many pharmaceutical
molecules, however, crystallize as polymorphs; thathey adopt more than one solid
state structuré?® Polymorphs exhibit different physicochemical pndjes and harnessing
polymorphism is a prerequisite in establishing t@trol over crystal size, shape and
other propertied.In the next chapter, we will describe the methib@s are currently used
in the selective growth of polymorphs. In this ctepwe wish to explore heterogeneous
nucleation as a means to control the crystal graftolymorphic drugs.Crystals often
grow on foreign substrates such as dust particled the driving force for this
heterogeneous attachment is best appreciated tiydmrstanding of nucleatién.

2.2NUCLEATION

We begin with an intuitive picture of nucleationcacring in solution. In a crystallization
solution, solute molecules either as monomers osrasll discrete assemblies act as
crystal growth units. For simplicity, we assumetttiee molecules are spherical and that
they assemble into progressively larger cubic ehgsand ultimately into a crystal with
simple cubic topology (Figure 2.1a). In these @tsteach spherical molecule assumes
octahedral geometry and forms six noncovalent bevittsneighboring solute or solvent
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Figure 2.1 (a) Schematic representation of nucleation. Molecwdes represented as
spheres. The numbers below the clusters show timbeuof bonds formed by the spheres;
the numbers on the left indicate bonds within astelu (volume contribution) and the
numbers on the right indicate the interfacial borfsisrface contribution). The 3x3x3
cluster represents a critical nucleus with radiugb) Free energy of clusters as a function
of the size of the cluster showing the volume amdiase contributions, critical radius*),
and nucleation barrier. This figure is adopted freference 6.
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molecules. An isolated solute molecule forms sixdsowith solvent molecules and a

2x2x2 cluster with eight molecules exhibits 12 s®isolute bonds and 24 solute-solvent
bonds. The bonds between solute molecules holdclingter together and the bonds

between solute and solvent molecules tend to bifealcluster apart. The former bonds
represent the volume contribution in Figure 2.1kl &ime latter represent the surface
contribution. As the cluster grows, the number ohds within a cluster increase and

after some critical size, these intra-cluster bashoisinate the bonds between cluster and
the solvent molecules. In the hypothetical modgdicted in Figure 2.1a, the 3x3x3

cluster with 27 molecules represents the criti¢zzé¢ $n which the surface and volume

contributions are equal (assuming that solute-eadnd solute-solvent bonds are of equal
strength). The cluster with this critical size @lled the critical nucleus; clusters smaller
than this nucleus are likely to dissolve back iatdution and clusters larger than the
nucleus are likely to grow into a crystal.

Nucleation is the process of overcoming the ciitiaacleus and the energy required to
overcome this critical size is represented as theleation barrier in Figure 2.1b.
Homogeneous nucleation, therefore, does not ensue until the solutionrea@a certain
supersaturation that is enough to surpass the atimbe barrier. Another path to
nucleation is to lower the nucleation barrier; floiwering can be achieved by decreasing
the surface free energy of the nucleus at the estssilvent interface. Thus, clusters,
when attached to foreign surfaces, can readilytréae critical size and grow beyond the
critical nucleus. This phenomenon is termetheisr ogeneous nucleation.

2.3CRYSTAL GROWTH BY HETEROGENEOUS NUCLEATION

Biomineralization, the growth of minerals such adcite and hydroxyapatite in living
organisms, is mediated by specific interfacial iatéions between proteins and growing
crystal nuclef. The understanding that barrier to nucleation iwel@d by foreign
surfaces and that biomineralization involves specifinterfacial chemical
complementarity, inspired the idea of designerrfates for crystal growth.A well-
known illustration of the engineered interfaceseasplates for crystal growth is given by
nucleation of ice at the Langmuir monolayers fornbgdiong chain alcohol$ Related
work showed that oriented crystal growth of glycoreLangmuir monolayers formed by
a-amino acid amphiphiles is mediated by chemical @edmetric epitaxy at the
interface’® Several other substrates, Langmuir-Blodgett momskf silane mono-
layers*™*? self-assembled monolayers (SAMf> and polymer and single crystal
surface€®? have been extensively used for the crystal graftbrganic and inorganic
compounds. These studies showed that it is posgilbdentrol the orientation, size, and
polymorphism of the growing compounds using integimolecular recognition. In this
chapter, we are interested in using the thiol SAMsed on gold as templates for the
crystal growth of pharmaceutical compounds. Spedliff, we will discuss the
crystallization of carbamazepine on SAMs with —CO@tdups at the interface and the
dependence of growth orientation on even or oddhaunof methylene groups in the
alkyl spacers within the SAMY.
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2.4SELF-ASSEMBLED M ONOLAYERS

Long chain alkanethiol derivatives form structutee-dimensional monolayers (SAMSs)
when brought into contact with metal substratehsag gold and silvet:* Figure 2.2
shows the two step process of the fabrication wi tBAMs on gold. Thiol groups and
gold atoms have high affinity for each other; tfieym strong Au—S bonds at the exposed
gold surfaces. Formation of these bonds is thé diep in the fabrication of SAMs; the
Au-S bonds lower the surface free energy of thd.dol the second step, the long alkyl
chains reorganize on the surface such that theablest an energy-minimized inter-
grooved packing. It is the self-organization ofshalkyl chains that imparts the adjective
self-assembled to the monolayers formed by alkanethiol derivativieor the most part,
{111} faces are exposed at the exterior surfacegotd substrates because of their lower
surface free energy compared to the other posgitbeith faces. Figure 2.3 shows a
schematic illustration of the two-dimensional ordéthiol SAMs formed on {111} faces
of gold substrates. We can consider SAMs as twadsional crystals with their lattice
parameters being determined by the lattice of Uyidey metal substrate. We will use
these lattice parameters in our epitaxy calculatidiscussed in Section 2.12.

substrate adsorbate
| E | | | | |
r\,(\o X ?‘ Jadsorption L (\&f\ Jorganization t J
A e md Lo Yo e V4
(a) (b) (c)

Figure 2.2 Preparation of thiol SAMs on gold substrates ¢ellrectangles). The
adsorbates contain thiol groups (orange circlespiieding to gold substrates, alkyl or aryl
spacers (grey strings) for self-assembly, and temgroups (red circles) for desired
surface chemistry. The process involM@$ immersion: submerging the substrate in a
solution of adsorbategh) adsorption: formation of Au—S bonds at the surfaicgold, and
(c) self-assembly: organization of adsorbates to sggerminal groups at the interface.

Figure 2.3 Cross-sectional diagram of a thiol SAM on the {iLfdce of gold. White
circles represent the top layer of Au atoms inghlestrate and the grey circles represent the
S atoms of the SAM. Notice the periodic arrangenaéigrey circles (thiol molecules).
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The fabrication of thiol SAMs is simple and fasigifire 2.2) and they offer a convenient
way to tailor the surface properties. It is possiiol manipulate the property of the surface
by modifying the terminal functional groups whileaving the rest of the molecule

unchanged. For example, hydrophobic or hydrophslicfaces can be achieved by
changing the terminal group of the monolayer fra@iHzto —COOH.

calcite ( ) calcite
HS(CH,),sCO,H on Au HS(CH,),,OH on Au
nucleating plane (015) nucleating plane (0104)

100 pm 100 pm
malonic acid (b) malonic acid
HS(CH,),;CO,H on Au HS(CH,),sCH, on Au

nucleating plane (001) nucleating plane - none

m— 200 pm m— 200 pm

4-iodo-4"-nitrobiphenyl (c) 4-iodo-4"-nitrobiphenyl
HS-C,H,-C,H,-NO, on Au HS-CH,-C,H,-1 on Au
nucleating plane (00-1) nucleating plane (00-1)

—— 500 pm —— 50um

Figure 2.4 Crystal growth on SAMs(a) Oriented growth of calcite on micropatterned
substrates that contain islands of protic SAMsa@urded by SAMs terminated with methyl
groups'® Note that different —-COOH and —OH terminal groppsmote the nucleation on
different crystal planes(b) Malonic acid crystallization on hydrogen bondingda
hydrophobic SAMs. Note the higher nucleation densih SAMs exposing —COOH
groups® (c) Oriented growth of a polar crystal based on -[NIB interactions on aryl
SAMs exposing —N@or —| groups*
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2.5SAMS ASTEMPLATES FOR CRYSTAL GROWTH

The periodic structure, a high degree of order, taildrable surface chemistry of SAMs
made them attractive templates for crystal growtmany studie$®? Figure 2.4 shows
some representative examples. Thiol SAMs contaialkgl spacers and exposing protic
functional groups such as —OH, —COOH, s8®@romoted the growth of calcite crystals
on specific planes (Figure 2.48)This growth is mediated by deprotonation at the
interface, binding of C& ions to carboxylate or other anionic terminal greuand
growth of crystals by sequential attachment of'@ad CQ* ions. The planes on which
the nucleation took place are determined by thestiyichg geometry (Au, Ag or Pd) and
the exposed functionalities (-CQG-O or —SQ). Crystallization of malonic acid on
thiol SAMs with alkyl spacers and —COOH, —£ldr ester terminal groups showed that
the nucleation density and growth orientation delpem the interfacial functional groups
(Figure 2.4b¥®> The —COOH groups, owing to their polar characted dydrogen
bonding ability, showed higher rates of nucleatmu promoted the growth of malonic
acid crystals on {001} faces. 4-lodo-4'-nitrobiplgererystallizes in an acentric space
group and is an example of a polar crydtaCrystallization of this compound on thiol
SAMs with aryl spacers revealed that oriented ghoadcurs on SAMs exposing —I| or —
NO, groups (Figure 2.4¢. Goniometry and Beilstein tests for halogens reackahat
crystal faces exposing —N@roups attach to the SAMs with terminal —I groaps vice
versa. These examples illustrate that SAMs progideple and versatile means for the
templated growth of crystals and that heterogenemudeation of crystals can be
mediated by ionic bonds, hydrogen bonds or othecagalent bonds such as —NO-
interactions.

2.6PARITY OF ALKYL CHAINS AND ORIENTATION OF TERMINAL GROUPS

The emergence of thiol SAMs formed on metal sutestras templates for heterogeneous
crystal growth can be related to, among other itigeir structural modularity. Figure
2.5a shows the modular structure of a SAM. We ahdre have explored the variations
in the nature of the terminal groups (e.g. NBGOH), spacers (e.g. alkyl, aryl), and the
metal substrates (e.g. Au, Ag) towards applicatisosh as control of nucleation,
formation of micropatterned crystals, interfaciabatioselectivity, and selective growth
of polymorphs and semiconducting materfal$®*In this chapter we report the effect of
another variable, thparity of alkyl chain, on the face-selective crystal gtlowf a drug
polymorph® In general, the parity of an alkyl chain denotdsether the number of C-
atoms in that chain is odd or even. In Au-SAMs baea alkyl spacers, the terminal
groups adopt two different orientations with redpecthe SAM surface depending on
whether the alkyl chain contains an even or odd bmrmof methylene groups (Figures
2.5b and 2.5c¢}**° While exploring the effect of synthetic surfacestbe polymorphism

of pharmaceutical drugs (Chapter?3\we discovered that SAMs made of mercaptoun-
decanoic acidl) and mercaptohexadecanoic ac) fucleate different faces of the
monoclinic polymorphBPMP) of carbamazepine (Section 2.7). These two SAMe lilae
same terminal groups; they differ in the paritytted alkyl chain. The SAMs with an even
number of methylene groups between the thiol amchitel X groups, project the
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<« terminal " ~73°

group 5° XX XXX X 7777777
X X X X X )( 777777
«—spacer /Iiflifl/f /l/f
333D S S «——thiol $S°S$S°S $'S’S'SSS
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Figure 2.5 (a) Schematic representation of a thiol SAM showitsgstructural modularity:
different parts of the SAM (terminal group, spaeed the metal substrate) can be varied
independent of each other. Idealized structurekiof SAMs containing i) even and d)
odd number of methylene groups. Notice the diffeeeim the angles betweer-X bonds
and the SAM surface.

terminal C—X bonds at ~45with respect to the surface horizontal (Figureb2 When
the SAMs are made of alkyl chains with an odd numbethylene groups (Figure 2.5c)
the C—X bonds are projected at a steeper angle°~wih respect to the surface
horizontal. We show here that the difference in ¢thientation of terminal groups is
instrumental in determining the faces on whichRMP crystals grow on the SAMs.

2.7AMIDE DIMERS IN CARBAMAZEPINE POLYMORPHS

Carbamazepine, a drug used in the treatment oépi| trigeminal neuralgia, and other
diseases, has been used as a model pharmaceutitiad ipreparation of cocrystals,
prediction of crystal structures, and investigati@f polymorphism and phase
transitions>>° Of the four known polymorphs of this drug, tfMP and trigonal
polymorphs can be crystallized from solutions, themer being more stable than the
latter. In addition, carbamazepine readily fornditeydrate (in the presence of water) and
several solvates. One of the distinct featureheffour polymorphs of carbamazepine is
that they all contain amide hydrogen bonded dirffe@ur hypothesis in this work is that
the growth units (Figure 2.1a) for nucleation anovgh of these polymorphs are dimeric
assemblies of carbamazepine. The structurédii? and the trigonal polymorph shown
in Figure 2.6 reveal that these polymorphs aret iioin the packing of amide dimers.
These two polymorphs have distinct morphologieMP crystallizes as blocks (see
Figure 2.8 below) and the trigonal polymorph asites
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Figure 2.6 Crystal structures aj P-monoclinic and (b) trigonal polymorphs of
carbamazepine. Notice amide dimers formed by hyairdgpnds and the differences in the
mutual packing of these dimers.

2.8PREPARATION AND CHARACTERIZATION OF SAMS

We fabricated thiol SAMs on gold coated glass slidg immersing the slides in 1-3 mM
ethanolic solutions of thiols and2, and 1-undecanethioB) and 1-hexadecanethio)(
(Figure 2.7). Gold coated glass slides purchasaih fEvaporated Metal Films had two
layers of metal coating: a ~50 A thick chromium esikie layer and a ~1000 A thick gold
layer. The slides had a thickness of 1 mm; we leaitntinto ~15 mnx 25 mm pieces and
treated them with oxygen plasma for 30 sec in arp#etcher. This plasma treatment
helped in the removal of any organic contaminadi&oebed on the surface. After soaking
the substrates for 8-16 hours in ethanolic solstiohSAMs, we removed the substrates,
rinsed them with copious amounts of ethanol andddthem with a stream of nitrogen.
We used freshly prepared SAM substrates for charaetion and crystal growth
experiments. We characterized the SAMs by contagkeagoniometry, ellipsometry and
grazing incidence IR spectroscopy; the results ttained are in agreement with those
reported in the literature. The measured contagteanhad a maximum error of 2.5
SAM-1 (28.2); SAM-2 (26.£4); SAM-3 (94.3); SAM-4 (98.6"); and bare gold (76°2
The heights of SAMs measured with ellipsometry aadaximum error of 1.2 A: SAM-
(13.1 A); SAM=2 (22.2 A); SAM3 (18.5 A); and SAM4 (21.7 A).

COOH COOH H, H,
s

/d)j_o s/d]ﬁ s )10 s ]15
i i W

u

SAM-1 SAM-2 SAM-3 SAM-4

Figure 2.7 Schematic structures of the SAM<g! showing two different terminal groups.
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2.9CRYSTALLIZATION OF CARBAMAZEPINE ON SAMS

We used SAMd-4 as templates, and untreated gold slidgstare glass slide$) and
plasma treated glass slided @s controls. Substrat&sand 7 are hydrophilic (contact
angles 19.3+5.2 and 13.9+2.@spectively) and they are expected to mimic gerdgen
bonding nature of the SAM& and 2, but without the structural and orientational
specificity of the SAMs. We dissolved carbamazepimkeenzene and kept the solution at
60 °C for about 20 minutes until its volume is redu¢edeach a concentration of 25
mM. We cooled the solution to room temperature fiteted it into 50 mL beakers (that
contained the SAM substrates) such that each bdskéied with ~15 mL of the
solution. We covered the beakers with perforatednalum foils and kept them in a
desiccator. Inside the desiccator, freshly bakddrite (97% CaS@ and 3% CoG)
maintained the relative humidity at ~ 0%. Highentidity levels (30-100%) can cause
the crystallization of dihydrate in preferencetie anhydrous forms.

The solvent evaporated slowly under equilibriumditans in the desiccator and crystals
appeared on SAM$ and?2 in three to four days. We allowed the solventwap®rate for
three to four more days and carefully extractedsiligstrates from the solution. A small
fraction of crystals (~5% on SAMk and?2) fell off the surface during this withdrawal;
these crystals did not bond strongly to the sutestaad we assumed that they grew in
solution and not on the substrate. We noticed dl smamber of crystals on hydrophobic
SAMs 3 and4; these crystals fell off during the withdrawaltbg substrate. At the time
of the withdrawal, the remaining solution in theakers is fairly concentrated
(supersaturated); removal of substrates from tligisn led to the precipitation of a thin
layer of carbamazepine on the slides and also®urystals.

We washed the substrates with small volumes of dremzo partially remove this
precipitate and also to detach any weakly boundtaly. In the case of hydrophobic
SAMs 3-4 and bare gold substrate, this washing removedoorte/o crystals that still
remained on the substrates. On SAMand 2, however, this washing dissolved small
portions (~ 2-5%) of the crystals and left traceoants of precipitate around the crystals.
We characterized this precipitate to be the trifjpoéymorph (needle shaped crystals) by
powder X-ray diffraction (PXRD) analysis. A smakak (at &= 9°) corresponding to
this precipitated polymorph can be seen in the PXRilterns of samples grown on
SAMs 1-2 (see Figure 2.13 below). We confirmed from indejfgem experiments that
crystals of trigonal polymorph grow exclusively whsupersaturated benzene solutions
are subjected to rapid evaporation.

2.100RIENTED CRYSTAL GROWTH

We repeated the crystal growth experiments at Iéasttimes and in all the trials,
crystals ofPMP grew on SAMsl-2 and little or no crystal growth occurred on sudiists
3-5. We will discuss the crystallization on glass drdies in Section 2.13. Examination
of the SAM substrates under an optical microscdfigu¢e 2.8) revealed that crystals
grow on different faces on SAMssand2. In order to test the facial selectivity across th
whole surface, we analyzed the crystals with PXRillevthey were still intact on the
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substrate. We modified the sample holder for th&BXuch that the SAM substrate can
be subjected to X-ray diffraction directly (Figu2ea). We collected the X-ray dataéh

26 mode; in this mode the diffraction is observedydnbm those planes that are parallel
to the SAM substrate.

(101)
@ (b) (c)

Figure 2.8 (a) Morphology of thePMP calculated using the Bravais-Friedel-Donnay-
Harker theory. Symmetry independent faces are shadih different colors. i)
Microscopic images of the crystals grown on SAMand2. Scale bars = 1 mmc)(View
down (101) and (012) showing the relative orieotatdf crystal faces with respect to the
growth planes. Color scheme is the same aa)in (

The PXRD patterns of crystals grown on SAMand2 show one strong diffraction peak
in each case (Figures 2.9b and 2.9c). In the cA&®AM-2, this peak corresponds to
(101) indicating that crystals grow on their {10fHces on this SAM (Figure 2.9¢). The
only other peak at2= 27.£ corresponds to the related higher index plane)(262he
case of SAM1 the most intense peak corresponds to (012) suggesat crystals grow
on {012} faces on this SAM. Closer inspection ofgliies 2.9b shows peaks
corresponding to the related higher index plane plagies that are nearly parallel to
(012) (see Figure 2.11 below). The rationale fer dbserved facial selectivity in crystal
growth is discussed in Section 2.14. In the negtiee, we describe the PXRD method
used in the analysis given above.
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Figure 2.9 () Sample holder for the onboard diffraction anaysf crystals grown on
SAMs. Experimental powder X-ray diffraction patternf PMP crystals grown onh
SAM-1 and €) SAM-2. In (b) and €), the hump at 2= 17° is due to the diffraction from
background; the circled peaks &2 9° arise from the diffraction of trigonal polymorph
precipitated during the handling of substrates.

2.11CALIBRATION OF POWDER X-RAY DIFFRACTION PATTERNS

As shown in Figure 2.9a we developed a modifiedptarnolder that can hold the SAM
substrate such that the diffraction is observed @mdm those planes that are parallel to
the SAM surface. We calibrated the diffraction frotime new sample holder by
comparing the X-ray diffraction patterRP powders spread on regular sample holder
as well as on the gold slide of the new sampledralBigure 2.10).

The X-ray data collected oRMP powders spread on gold slides (with the modified
sample holder) showed strong diffraction peaks framil11) at Z= 38°. We used this
Au(111) peak to calibrate the diffraction patteoitstained from the crystals grown on
SAMs 1 and 2. This internal calibration allowed us to identifye peak positions with
certainty. The sole peak from the trigonal polynto(pt 29= 9°; Figure 2.11) also acted
as a second, independent peak with which we caalibrate the diffraction patterns of
crystals grown on SAM4& and2. The images on the left in Figure 2.11 show tHE fu
scale diffraction patterns of crystals grown on SAM?2. The images on the right in
Figure 2.11 show the same patterns withytiseale (intensity scale) expanded.
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Figure 2.10 (a) Calculated andbtc) experimental PXRD patterns 8MP crystals. The
pattern in ) is taken by placing the powder@#P samples on a regular sample holder
and the one ind} by placing the sample on a gold slide in the fiediholder. The peaks
belonging to the Au substrate can be seerfat 6.5, 38 and 44
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Figure 2.11 Full-scale &-b) and expandedc{d) powder diffraction patterns of crystals
grown on SAM1 (top) and SAM2 (bottom). The peaks labeled ‘trigonal’ correspdad
the trigonal polymorph.
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Crystals grown on SAM- show diffraction peaks from (101) and the correstiog
higher index plane (202). No other peaks are saem @t this level of expansion
indicating a very high degree of face-selectivestaly growth on this SAM. Crystals
grown on SAM1 show diffraction peaks from (012) and the correstiog higher index
plane (024); it also shows peaks related to sewehar planes that are nearly parallel to
(012). This may indicate lesser degree of ordeBAM-1, partial misalignment of the
crystals during the growth, or during the benzeasty imperfections in the substrate, or
growth of crystals on these other planes. In argng\the intensity of the (012) peaks is
much higher (100%) than the other peaks (4-8%)%M-1 indeed shows a high degree
of selectivity for the growth of crystals on thgd12} faces. It should be noted that
occasionally (in two of the nine experiments) a rmaction of PMP crystals grew on
their {101} faces on SAMt substrates. We will discuss the nature of chengpéhbxy at
the growth interface in Section 2.14. In the foliogvsection, we explore the geometric
epitaxy based on the lattice parameters of the frgimnes and the underlying SAMs.

2.12GEOMETRIC EPITAXY BETWEEN SAMS AND GROWTH FACES

We used the lattice matching program EpiCalc temeine geometric epitaxy.EpiCalc

determines the lattice registry by rotating an tayer lattice b, b,, §) on a substrate
lattice @y, a, a) through a series of azimuthal angle® (Figure 2.12f! For each
azimuthal angle, the program calculates a dimetessnpotential/V,, whose value
depends on the type of epitaxy between the twizést{Table 2.1).

VAN L O :
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Figure 2.12 Schematic representation af) (commensurate and) coincident epitaxy.
Substrate latticeaq, a,, @) is drawn in blue; overlayer latticeb,( b,, ) are drawn in
magenta or red. Ina) all the lattice points of overlayer reside on {a#ice points of
substrate. Ink) the vertices of a 3x3 supercell, not the baslt; oéthe overlayer lattice
reside on vertices of the substrate lattice.
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Table 2.1Relationship between the valuesw¥, and the type of epitaxy}.

VIV, Epitaxy Symmetry of Substrate Lattice
1 incommensurate any
0.5 coincident any
0 commensurate non-hexagonal
-0.5 commensurate hexagonal

Commensurate epitaxy, an ideal form of epitaxypings the matching of every lattice
point of the overlayer with the substrate latticénps (Figure 2.12a). Coincident epitaxy,
less ideal but more common form of epitaxy, inveltlee matching of some lattice points
of the overlayer with substrate lattice points. @ray to look at coincident epitaxy is that
a supercell (an integral multiple of basic unitlicelg., 3x3 supercell in Figure 2.12b) of
the overlayer exhibits commensurate epitaxy with shbstrate. It follows then that the
smaller the size of the supercell greater is th&ejpl match between two lattices. If the
two lattices do not exhibit commensurate or coiaentdepitaxy, they are said to be
incommensurate. Table 2.1 shows the relationshipvden the values o¥/V, and the
type of epitaxy.

Table 2.2 Parameters for geometric epitaxy. Basic cell regmés the unit cell of the
crystal planes corresponding the macroscopic fawgemu consideration. Supercell
represents a nonprimitive cell obtained by extegdire basic cell alonly, andb, axes.
The numbers in thenultipliers column refer to the number of timés and b, are
multiplied to generate the supercell.

basic cell super cell o
face by b, B multipliers  area (A% &) Vo
{002} 7.54 11.16  90.00 1x3 252.44 51.46 0.50
{011} 7.54 17.83 92.23 2x1 268.67 58.90 0.50
{101} 11.16 16.15 90.00 2x1 360.47 14.55 0.51
{110} 13.46 13.91 91.60 3x1 561.47 46.41 0.50
{012} 7.54 26.29 91.51 1x3 594.47 51.25 0.50
{10-1} 11.16 15.49 90.00 4x1 691.47 41.22 0.68
{11-1} 13.46 1549 104.32 4x1 808.07 45.71 0.56

All the SAMs have the same 2D lattical (= a2 = 4.97 A andr = 120; Figure 2.3). We
determined the 2D lattice parameters for all pdssgrowth faces oPMP and listed
them as basic cell parameters in Table 2.2. Weopagd epitaxy calculations for each of
these faces against the substrate SAM lattice ai€hOT increment ing, and allowed
each overlayer lattice vectob;(andb,) to be multiplied four times at the most. We
analyzed the results to obtain the valueg obrresponding to the best lattice match along
with other related parameters (Table 2.2). Thesealt® indicate that five of the seven
possible faces dPMP exhibit coincident epitaxy. The {101) and {012}cts on which
the PMP crystals grew on SAM$ and?2 are part of the five faces, suggesting that ctysta
growth on these faces is not hampered by geoniatietnmensurate epitaxy.
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2.13CARBOXY TERMINATED SAMS VERSUSPLASMA TREATED GLASS SLIDES

Figure 2.13a shows a microscopic image of the alygirown on SAM2. As mentioned
above, washing of the substrates with benzene dethé partial dissolution of the
crystals; this is the reason some of the crystzdeaare not as well defined as expected.
This image is selected to show the precipitatiorigbnal polymorph around theMP
crystals grown on the SAMs. We also carried oustatlizations of carbamazepine on
glass slides and plasma treated glass slides placs@ mL beakers. The plasma treated
slides are highly hydrophilic and expose silanalugs at the interface. We wished to test
if surface hydrophilicity or hydrogen bonding greupithout the orientational specificity
and geometric structure can lead to face selectiystal growth. As can be seen from
Figure 2.13b face-selective crystal growth is noseyved on glass slides, at least to the
exclusive extent seen on SAMsand2. Powder X-ray diffraction also revealed that the
crystals grown on glass slides or plasma treatedsgslides gave multiple diffraction
peaks with no consistency between different trials.

@

\ S

Figure 2.13 Optical microscopic images of crystals grown ah $AM-2 and p) plasma
treated glass slide. Notice ima)(smaller, needle like crystals that belong to titigonal
polymorph. This image was taken from the experimghere the number of trigonal
polymorph crystals precipitated was high. Notic¢hpvarious growth orientations &MP
crystals. Scale bars =2 mm.

2.14PARITY DEPENDENT FACE-SELECTIVE CRYSTAL GROWTH

The major difference between SAMsand?2 is the parity of alkyl chains. As shown in
Figure 2.5 the terminal groups in these two SAMspaddifferent orientations with
respect to the growth surface. The carboxy groupSAM-2 are nearly perpendicular to
the surface; in SAM-they are at a shallower inclination with respecthie surface. Why
do PMP crystals nucleate from different faces on SAMand2? The relative orientation
of the amide group d®MP with respect to the (012) and (101) planes suggegbssible
answer to this question.
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Figure 2.14 Relative orientation of carbamazepine dimers wétbpect to (012) and (101)
planes. Notice the shallow inclination of amide éinin @ and near perpendicular
arrangement inh).

In the crystal structure oPMP, molecules assemble into dimers through hydrogen
bonding between the amide groups. It is reasonablassume that molecules form
hydrogen bonded dimers in solution and that théseerd assemble further into nuclei
and crystals. The amide H-atamt involved in the formation of dimer and the second
lone pair of amide O-atom are capable of partioqgain hydrogen bonds with the
carboxy groups at the SAM interface. The angle betwthe amide dimers and (012)
plane is 48, the corresponding anlge for (101) plane i {Bigure 2.14f? It is
instructive to compare these angles®(48d 73) with the angles at which the carboxy
groups are projected at the surface of SAMand2 (~45 and ~73; Figure 2.5). The
carboxy groups on SAM-are coplanar with the amide groups at (012) plambereas
the carboxy groups on SAi-are coplanar with the amide groups at (101) plaGésen
that hydrogen bonding between carboxy and amidepgrés greatly facilitated when the
two groups are coplanar, it is likely tHaMIP crystal nuclei interact with SAM-through
their {012} faces and with SANM-through their {010} faces.

2.15CONCLUSION

The parity of alkyl chains is rarely used as a toatontrol interfacial phenomefi&?** In

this work, we showed that the parity of alkyl cleanfoes play a determining role in the
face-selective nucleation ofganic compounds. Further work showed that this oriented
growth can be extended to other carboxy termin&#&hMs with even or odd number of
metheylene groups. Thiol SAMs containing hydroxgmi@al groups did not show this
level of specificity; often these SAMs showed pea&sresponding to (101), (012) and
some other planes irrespective of the parity ofatkgl chains. These results suggest that
the two-point hydrogen bond recognition between ¢heboxy groups and the amide
dimers exert greater influence over interfacial esalar recognition compared to the
hydrogen bonds formed by hydroxy groups.
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3.1POLYMORPHISM

Polymorphs are crystalline materials that have shene chemical composition but
different solid state structures. The differencasstructures of polymorphs lead to
differences in their propertiésThough polymorphism affects a range of compounds,
control of polymorphism is acutely important in pfmaceuticals because changing the
polymorph can alter the dissolution rate, bioavaiity, shelf-life and other properties of
a drug®* Consequently, early discovery of polymorphs ishio drug development, both
to avoid late-stage manufacturing problémad to protect intellectual propeftyn this
chapter, we describe a generic method that dirdetsgrowth of thermodynamically
stable polymorphs under conditions that favor tienftion of kinetic polymorphs. Our
method uses an iconoclastic concept — suppressioncteation at xenophobic interfaces
— to hamper the nucleation of kinetic polymorphsd apromote the growth of
thermodynamic polymorphs.

Extensive research on polymorphism has resultéd)inlassification of different types of
polymorphs, (b) development of analytical methodisdharacterization of polymorphs,
(c) understanding of the physics and chemistry dyig phase transitions, (d)
computational approaches for the prediction of pwigphism, and (d) control of bulk
properties of crystals. Very little work, howevégs been done in the area of selective
growth of polymorph$.Below, we will give various methods that are beiteyeloped
and practiced in the crystallization of polymorpBeme of these methods are advanced
to the extent that they are commercialized and sarmestill in the conceptual stage.
These methods illustrate the current interest udyshg the polymorphism. More
broadly, these methods recognize polymorphism aspgortunity and a challenge to
develop new concepts that are relevant to crystatil and solid state chemistty.

3.2HIGH-THROUGHPUT SCREENING

Changing solvents, solvent mixtures, temperatate, of evaporation and rate of cooling
are the traditional approaches towards the disgowérpolymorphs These classical
methods have recently been automated into a highugihput screening (HTS) systém.
Most pharmaceutical industries now use the HTSimelyt and several recent examples
illustrate the success of this approach. For examal study involving a number of
different solvent combinations and local tempemonditions resulted in the discovery
of an elusive third polymorph of acetaminopH®ihe principal advantage of HTS
method is that it is generic. It can be appliedatty compound with limited or no
knowledge of its molecular or crystal structuresl gmoperties. Further, it uses small
guantities of compounds to carry out a large numndfeexperiments in a short time
period. Yet, the HTS is a trial and error method aglies mostly on the probability of
finding a target polymorph rather than followingesigned approach.

3.31SOMORPHIC ADDITIVES

Remarkable examples of polymorphic control arereffeby marine organisms that can,
for example, selectively grow a specific polymoqhCaCQ (calcite or aragonite):*?
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These examples demonstrate the specific recogrigbmeen growing crystal planes and
macromolecules in biological matrices. Extendingsthideas to synthetic systems, tailor-
made auxiliaries have been prepared to intervemieeikkinetics of crystallization so as to
control crystal morphology and polymorphigfrA small percentage of additives that are
structurally similar to the target material candmmorate preferentially into specific
growth planes and impede the growth in particulmeations. Similarly, isomorphic
additives can be designed such that they bloclgtbeith of the stable polymorph and
promote the growth of a metastable polymotph. Though harnessing crystallization
through additives is an attractive area of researnly a few examples have been studied
so far'®*” One limitation in the design of additives is titatequires prior knowledge of
the crystal structures of the polymorphs.

3.4AM ONOLAYERS AS SUBSTRATES

Crystallization is often mediated by heterogenepusleation, which can occur on the
surfaces of dust particles, glass vials, or foregmplates?® Biomineralization inspired a
number of studies to explore the nucleation andtafygrowth at interfaces. Monolayers
of amphiphilic molecules at air-water interfa&’ monolayers of organosilane
derivatives’>® and thiol self-assembled monolayers (SAH$) on metal substrates
have all been used in the past twenty years to &xaand control the early stages of
crystal growtt’®?® These studies showed that face selective crystalvty is
predominant in many systems, indicating that mdbaclevel interactions between
substrate and growing nucleus are responsibleuon selectivity. The results of these
studies suggested the possibility of controlling tirowth of polymorphs using tailor-
made surfaces. Polymorphs have different crystakstres and it may be possible to
glean crystal planes specific to one polymorph @ndvide surface templates that
promote the nucleation of these planes. Some reepntts, published by our group and
others, showed that SAMs can indeed nucleate polynsobased on specific interfacial
interactiong>3?

3.5SINGLE CRYSTALS AS SUBSTRATES

Freshly cut single crystal surfaces are best examnpff two-dimensional templates.
Recent research using faces of freshly grown sicgystal substrates showed that a
multimorphic pharmaceutical intermediate grows amedastable polymorph on certain
faces of pimelic acid crystaf§. Crystalline substrates lend themselves well to the
geometry matching programs that can be used to filmbe matches between
crystallographic planes of the substrate and potpimio crystals® Nucleation of one
crystal on anothé¥*° has important implications in the growth kinetafspolymorphs®

For example, it is possible that a fast growingypairph can nucleate on a slow growing
(but fast nucleating) polymorpfi.Such outcomes point to the importance of contfol o
nucleationand growth of desired polymorphs. The practical limagatof these substrates
is that it is difficult to identify and prepare stgls that can act as templates and that do
not tend to dissolve in solutions.
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3.6 POLYMERS AS SUBSTRATES

Polymer chemistry, one of the most matured fieldschemical sciences, affords the
ready availability of different types of polymersithv a variety of functionalities
incorporated into the backbone. Recently, polynfemé&s are used in a high throughput
setting to screen for polymorphism in pharmaceisgiemnd other compound$®® For
example, when acetaminophen is crystallized frofutems containing 84 different
polymers, about one third nucleated the metastalileorhombic form, one third the
stable monoclinic polymorph, and the rest a mixtofeboth forms' These studies
indicate that a one-to-one matching of complemgntaolecular units at the interface
may not be necessary for templated growth, but niéedy profusion of a set of
functional groups and certain charge density catlemate specific polymorphs. These
results provide us with the impetus to explore dtilse of silane monolayers crafted on
glass slides and vials as substrates for polymdigdovery and selection.

3.7CRYSTALLIZATION INSIDE CAPILLARIES

Crystallization in confined spaces can also leathéoselective growth of polymorphs. In
bulk solutions (of volume mL to L) density fluctimis and impurities such as dust
particles lower the nucleation barrier for crystation, and thermodynamically stable
polymorph can grow at the expense of other metkstaddymorphs. When solutions are
confined to volumes as small as nanoliters thetdltion and contamination effects are
minimized and the solution can continue to evagousider quiescent conditions to reach
high supersaturations. Under these conditions theen of kinetic polymorphs have

greater chances of survival, that is, they do nasigate and convert to the

thermodynamically stable polymorph. Recent workngsglass capillaries for crystal

growth showed that it is indeed possible to grow kimetically stable polymorphs of

pharmaceutical compounds in reproducible maftér.

3.8CRYSTALLIZATION INSIDE NANOSCALE CHAMBERS

Often, but not always, different polymorphs havéfedent morphologies. One can
assume that crystal nuclei of such polymorphs haeephologies similar to the fully
grown crystals. Crystallization of the correspomgdgompounds in confined nanospaces
can lead to the growth of one polymorph over thepbased on its fit with respect to the
nanochamber. Initial proof for this concept canmnfra recent work, which showed that
crystallization of anthranilic acid in nanoporoukss results in polymorph selection
based on the shape of the nanocavffidzurther work showed that this approach can be
extended to other systems as Well.

3.9LASER INDUCED NUCLEATION

Supersaturated solutions of certain organic comgsuymeld different polymorphs when
they are illuminated with intense pulses of lad&rBhe type of polymorph obtained is
determined by the nature of the polarization of ldeer. This laser induced nucleation
depends on the level of supersaturation but ndherwavelength used. It is argued that
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the interaction of the laser with pre-nucleationistérs is different for linearly and
circularly polarized lighté® Linear alignment of molecules occurs in the preseaf
linearly polarized light and circularly polarizemjtt results in the planar alignment of
molecules in the clusters. Though laser inducedeation is still in its infancy, it is an
attractive alternative to other methods discussetk fbecause it offers a generic,
contaminant-free nonchemical approach to influgheecrystallization of polymorphs.

3.10SONOCRYSTALLIZATION

Sonocrystallization refers to the crystallizatiamdar the influence of ultrasonic sound in
a pulsed or continuous format, typically in thegarof 20 kHz to 5 MHz. Ultrasound
assisted crystallization has been practiced foresdvdecades. Ultrasound imparts
nonchemical disturbances to the sample; it is fawnidicrease the rate of nucleation and
decrease the metastable zone widtln the past, ultrasound is often used to induce
nucleation, reduce the crystal size and narrovp#récle size distribution. Recent results
suggest that it is possible to influence the ciifstdion of polymorphs using
ultrasound?™3 In addition, the homogenizing effect of ultrasowaah be used to promote
the formation of cocrystals and solid solutions veheultiple components are required to
be brought together at a molecular level.

3.11CONTACT LINE CRYSTALLIZATION

It is common observation that precipitation occatshe solvent front when a saturated
solution is evaporated in a vessel. Recent workvsdahat, kinetic polymorphs that have
lower nucleation barrier can crystallize at thiveat front>*>> Once formed, crystals of

the metastable polymorph can stay stable and mosfiorm to the stable polymorph
because they are not in touch with the solutioris Finocess of crystal growth at the
evaporating solvent front is termed as contactdiystallization.

3.12HIGH PRESSURECRYSTALLIZATION

Different polymorphs have different densities ahdHould, in principle, be possible to
influence the polymorphism by changing the apppegssure on crystallization solution.
Indeed, recently it has been shown that new polphmand solvates of acetaminophen,
piracetam and other compounds can be grown in Ipigssure (up to 100 GPa)
chambers®®® While some high pressure polymorphs are not stadilestandard
conditions, the ability to grow crystals at higlegsures and determine their structures is
relevant to the understanding of phase transittbat can occur during pharmaceutical
processes such as comminution and compre&Sion.

3.13DISAPPEARING POLYMORPHS

In previous sections, we discussed different methtitht are being explored for
polymorph selection. To underscore the importantéhe method discussed in this
chapter, it is important to recall one of the weaibwn but strange phenomena of
crystallization, thedisappearing of polymorphs$® In most cases, the reason for the
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vanishing of an existing crystal form is attributead the formation of a new,
thermodynamically more stable polymorph. The mosivadtating effect of this
phenomenon is seen in ritanovir, an anti-retrovihalg used in the treatment of AIDS.
This drug had to be recalled after being on thekatafor two years because a more
stable form with markedly lower dissolution ratearstd to crystallize at the
manufacturing sites. The initial formulations can&al the now metastable, but then only
known, modification that readily transformed to there stable polymorph. Fortunately,
a new formulation of the drug that contains thélstgolymorph could be developed and
marketed, but only after much work and tim&he phenomenon of disappearing
polymorphs and the case of ritanovir illustrate thgportance of the discovery of all
possible, and especially the stable, polymorpha gfven drug at an early stage in the
discovery. We show in this chapter that fluoroudasies can act as nucleation inhibitors
of kinetic polymorphs and thereby allow the growthstable polymorphs through the
process of Ostwald ripening.

3.14FLUOROUS SURFACES

The termfluorous is coined, as an analogue agfueous, to represent fluorinated media
with hydrophobic and oleophobic propertfésToday, the adjectivéiuorous refers to
species that are highly or completely fluorinateatusated organic molecules or
molecular fragments. Fluorous species are immiscitith their organic and aqueous
counterparts and as such they offer new avenuescHemical synthesis. There is
immense interest in fluorous species towards agijidins in separations, scavenging,
catalysis, passivation, and biomaterflsVe are interested ifiuorous surfaces in this
work and we prepare them in the form of silane nteyers bearing polyfluoroalkyl
chains, -(CH),-(CF,),-CF;. Exposure of substrates with hydroxy groups (sash
hydrolyzed glass slides with Si-OH groups) to s$#ang reagents (such ag3iR; X = Cl

or alkoxy) results in nucleophilic displacementatéans at the surface. These reactions
lead to Si—O-Si bonds at the interface and to aolager of molecules connected to each
other as well as to the surface (Figure 3%1).

I g
-7 N /7'\ /?i\
H H H R = -(CH,),(CF),CF,
R-sicl, ? % 9 R=-(cHICPLCE,
Si Si Si —_— Si Si Si
glass silanization glass
(@) (b)

Figure 3.1 Schematic structures ¢d) a hydroxylated surface showing silanol groups and
(b) fluorous surface showing silane monolayers.

Silanizing reagents are brought into contact wlith $ubstrates either in the vapor phase
or in solution® The amount of water in the solution affects thaecten on the surface
and excess amounts of water leads to bulk poly@ugriz in the solution. Generally, only
small amount of water is required for reactionshatinterface. We assume in this work
that the trace amounts of water adsorbed on theophdic glass surface is enough to
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promote the reaction. Compared to thiol SAMs forneedgold, silane monolayers are
not well-packed and less ordered but display gredtemical and thermal stability (up to
125°C). They are stable in organic solvents and iniaaitkedia but slowly degrade in
basic media. In this work, we used trichlorosilarmsause of their high reactivity
compared to the trialkoxysilanes. As the -R groupss,used the fluorous chains -(gH
(CF)s-CF; and -(CH),-(CF,)-CFs;; these polyfluoroalkyl (or perfluoroalkyl if we
consider the fluorous part) groups are more reachian their alkyl counterparts and they
can form silane monolayers even in the absenceadér¥’ The perfluoroalkyl chains
afford fluorous surfaces that axenophobic, making them good candidates for testing the
inhibition of nucleation at the interfaces.

3.15PROMOTION VERSUS INHIBITION

It is important to distinguish our work with fluare surfaces from the previous work
carried out with other types of surfaces. Both mdth attempt to influence the
polymorphism by controlling the heterogeneous ratgd®. Previous work with different
kinds of surfaces (Langmuir and silane monolayttis] SAMs, and single crystal and
polymer surfaces) attempted the growth of polymerply promoting the nucleation
throughcomplementary functional groups andttractive interfacial interactions. In most
of these cases, the selective growth of polymorighbased on serendipity or prior
knowledge of the crystal structures or a high-tiglqput approach. Save for the high
throughput method, these approaches are highlyifgpteca given compound.

Our work with fluorous surfaces attempts to groe stable polymorphs kinhibiting the
nucleation (of kinetic polymorphs) througkenophobic functional groups and
unattractive interfacial interactions. Our approach does nquit@ prior knowledge of
the crystal structures of polymorphs and it is gierend applicable to any compound that
itself is not fluorous or does not contain fluorduagments. Interfacial repulsion is a
well-practiced phenomena in nature (e.g., Lotud)lead domestic and commercial
products (e.g., Teflon). The fluorous surfaces we liave the same amorphous structure
and the xenophobic characteristics as Teflon. Quordus surfaces are optically
transparent, thermally stable, and inexpensive; tiad@ be made on any glass substrate.

3.16NITROFURANTOIN

We chose nitrofurantoin, an antibiotic active agaimany urinary tract pathogens, as a
model pharmaceutical to demonstrate the uniquétyaloif the fluorous surfaces in the
selective growth of stable polymorphs. Earlier wéndm our group showed that among
eight different silane monolayers (with differemad groups and spacers) perfluoroalkyl
monolayers showed a high degree of selectivityhm ¢rystal growth of indomethacin
polymorphs>® The two polymorphs of indomethacin have complettfferent structures,
morphologies, and densities; the difference betwieir lattice energies is large so
differentiating the stable polymorph from the mé&thate form using fluorous surfaces is
relatively easy. In this work, we wished to seleaystem that is dimorphic in which the
two polymorphs have practically similar lattice ggies. We surmised that such a system
will test the true efficacy of the method discuskede.
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a-polymorph B-polymorph

(o]
JL stable B metastable
/@\//N\N NH space group: P1 space group: P2,/n
O.N" o \ é m.p.: 275 °C m.p.: 270 °C
o density: 1.656 g.cm-3 density: 1.648 g.cm3
Ul -8771 kJ.mol? Ujar: -8733 kJ.molt

Figure 3.2 Molecular structure of nitrofurantoin and the imamt solid state properties of
its two polymorphs. Density, melting point and ¢aysstructure data for the polymorphs
are taken from reference 67. We calculated thedatinergies using the Universal Force
Field incorporated in the GULP module of the progtdaterials Studio.

Nitrofurantoin is a planar molecule (Figure 3.2Jaterives its name from the two five-
membered rings it contains, furan and hydantoincritstallizes in two solid state
structures” a-polymorph is slightly more stable than tB@olymorph. Both polymorphs
are reported to have near similar densities andimgeboints; both adopt layered crystal
structures (Section 3.22) and have near similaicéatenergies (Figure 3.5.Most
crystallization conditions produce ti#®polymorph readily and it is this less stable form
that is used in the marketed products. Yet, dhigolymorph is reported to have better
dissolution characteristics (Figure 3.3) which ccrease the side effect emesis seen in
some patient®’ These findings amplified our interest in develgpamethod that yields
the stable a-polymorph exclusively under conditions favorabler fthe growth of
metastablgs-polymorph. Nitrofurantoin absorbs light in theibig region . 366 nm)
and gives pale-yellow to orange-red solutions ddpenon concentration. The intensity
of the solution color is proportional to its contration and we follow the changes in
concentration visually, gravimetrically, and spestiopically to assess the rate of
crystallization in vials exposing highly hydrophildor xenophobic surfaces.
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Figure 3.3 Mean powder dissolution rates far and S-polymorphs of nitrofurantoin.
Adopted from reference 69.
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3.17PLASMA TREATMENT OF GLASS SUBSTRATES

We used 1 dram glass vials for crystallization glass microscope slides as controls to
test the surface properties. We cleaned theseratéssi(slides and vials) with water and
dried them prior to plasma oxidation. Glass is maflamorphous silica and contains
surface siloxy and silanol groups. Treating thesglaubstrates with oxygen plasma
removed surface contaminants and increased theemomtf hydroxyl groups. We
oxidized the substrates with oxygen plasma for @&dconds using the SPI Plasma Prep
Il etcher that operated at 13.56 MHz under a 20€rani vacuum. The substrates are
highly reactive when they are taken out of the plastcher and atmospheric humidity
helped the formation of surface silanol groups (Fég3.1a). To avoid any other surface
reactions, we used these vials for crystallizagaperiments immediately after plasma
treatment.

3.18FABRICATION OF FLUOROUS M ONOLAYERS

We fabricated silane monolayers with fluorous hemdups by treating the plasma-
oxidized glass substrates with silanizing reagedisSi-(CH,),-(CF,)s-CF; or CkLSi-
(CH,)-(CR,);-CFs. Initial experiments in this work used the surfaseith —GF;3 and
—CgF17 groups. The results obtained from both monolageesqualitatively similar. From
here on, we only report the results obtained witlorbus monolayers that exposed
—CsF13 groups at the interface.

We prepared ~1 mM solutions of the silanizing resgén dichloromethane and quickly
transferred these solutions into plasma treatets wiatil they are filled. To keep the
solutions away from atmospheric moisture, we capges vials and allowed the
silanization to take place for about ninety minutd&e monitored the vials throughout
this time and discarded any vials that showed eskee€loudiness, which is an indication
of disproportionate bulk polymerization. Shortandis may lead to incomplete surface
polymerization and longer reaction times typicddgd to multilayers on the surface. In
our work, the length of silanization (that is, fation of surface monolayers or possible
multilayers) did not affect the outcome of our ¢aysgrowth experiments. Once the
solution treatment is complete, we rinsed the vthisroughly with dichloromethane
followed by ethyl acetate to remove any unreactieshes monomers. We baked the vials
in an oven at 100-118C for three hours to complete the reaction betwagndangling
silanol groups at the interface of glass and silagireagent.

We assumed that the fabrication of silane monofagerthe glass substrates is complete
(Figure 3.1b) after the heat treatment. These nayeos showed distinct wetting
behavior characteristic of perfluorinated surfad@sntact angle measurements (Figure
3.4) showed that the water droplets bead on tleedlis monolayersd= 105) and fully
spread on the plasma treated gla@s (°). We use these highly hydrophilic vials as the
gticky substrates and the fluorous vialsrasstick substrates. We expect the vials with
surface silanol groups to promote the nucleatiokiétic polymorph and the vials with
fluorous surfaces to inhibit any nucleation at theerface. We refer to the former
substrates as hydroxylated vials and the lattuasous vials.
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@) (b)

Figure 3.4 Spreading and beading of one microliter dropletvater on(a) hydroxylated
and(b) fluorous surfaces. The image (i) is taken a fraction of a second after the drop is
placed; within a second the droplet spreads coelgletn the surface and becomes
invisible to the camera.

3.19CRYSTAL GROWTH IN HYDROXYLATED AND FLUOROUS VIALS

At the beginning of each series of crystal growkpeziments, we prepared a large
quantity of 21 mM nitrofurantoin solution in acetite. We started with 17-19 mM
solution and heated it at 6C for 15-20 minutes until its volume is reducedgtee the
required 21 mM concentration. We transferred theslly prepared solution to ten
hydroxylated and ten fluorous 1 dram vials untitteane of the vessels is filled to a third
of its height (~ 1.8 mL). To control the rate ofaperation, we covered the vials with
perforated aluminum foils or closed them with sci@aps containing a set number of
holes.

J;

0.5 mm 0.2 mm

Figure 3.5 Experimental crystal morphologies of and Spolymorphs of nitrofurantoin
grown from 21 mM acetonitrile solutions.

In fluorous vials, one or two initial crystals dieta-polymorph appeared at the bottom of
the vessels after 70-75 hours when 35-50% of thdiso had evaporated. The solution
is fully evaporated in both vials in 120-140 houesystals in the fluorous vials had thick
tabular morphology, orange color, and sizes inrdmgge 0.5-1.2 mm (Figure 3.5). In
hydroxylated vials, multiple crystals of th®&polymorph appeared on the walls, at the
solvent front, within 4-6 hours. As the evaporatimontinued, more crystals of the
polymorph grew along the moving solvent front (Fg3.6). In stark contrast, no crystals
are seen on the walls of fluorous vials (Figure) 3r6 hundreds of crystallization
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experiments carried out in this work. Crystals lo@ walls of hydroxylated vials had thin
plate-like morphology, pale-yellow color, and smealkizes in the range 0.01-0.5 mm
(Figure 3.5). These experiments are repeated sit géght times using 21 mM solutions
of nitrofurantoin and the results obtained are kimiWe characterized the materials
formed at various locations in the vials using cgtimicroscopy, infrared (IR) and
Raman spectroscopy, single crystal and powder Xdiffyaction (PXRD) analysis,
differential scanning calorimetry (DSC) and thermgadvimetric analysis (TGA).

Figure 3.6 Crystallization of nitrofurantoin in fluorous (pfand hydroxylated (right) vials.
(a-b) Side views of the vials showing clean walls efoflous vials and crystal-laden walls
of hydroxylated vials.d) View perpendicular to the bottom of the fluorotial showing
crystals of a-polymorph. ¢) Magnified view of the wall of hydroxylated viahswing

crystals ofF-polymorph.
3.20VISUAL OBSERVATIONS

The color of nitrofurantoin solution and opticansparency of glass vials allowed us to
visually monitor the progress of crystallizationglire 3.7 shows three distinct stages
during the evaporation of solutions in hydroxylagtd fluorous vials. At the onset of

crystallization (Figure 3.7a), freshly transferisautions in both types of vials are pale-
yellow in color and show opposing wetting behaviowvials with different surfaces. The

concave menisci in hydroxylated vials indicate tthegt solution wets the walls of these
vials. In contrast, the menisci are flat in fluosodals; the solution does not wet the walls
of fluorous vials confirming the xenophobic natofehese surfaces.
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(@)
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Figure 3.7 Monitoring of crystal growth in hydroxylated (lefvo) and fluorous (right two)
vials. Notice the differences in the menisci in tiypes of vials in top two images and
darkening of solution color in fluorous vials iretimiddle image. Notice the crystal growth
on the walls of hydroxylated vials.

An image taken after 48 hours of evaporation (Fg3c7b) shows two important

characteristics of crystallization. First, crysgabwth occurs on the walls of hydroxylated
vials as solvent evaporates and nothing crystallarethe walls of fluorous vials. Second,
the solutions in different vials show markedly difint colors indicating different

concentrations of the remaining solutions. In hygtated vials the solution turns slightly

orange (or dark-yellow) compared to the beginnihg.fluorous vials, however, the

solution displays an intense orange-red color véttmuch higher concentration of
nitrofurantoin. These observations can be explaibgdhe suppressed nucleation and
crystal growth on the walls of the fluorous vialshich lead to a higher remnant
concentration.
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Following the evaporation further, we observed 8@he crystals are formed in the bulk
solution in fluorous vials (as well as in hydroxgd vials) that sank to the bottom and
continued to grow. At the completion of the evapiora(Figure 3.7c), crystals are found
only at the bottom of fluorous vials; on the hydytated vials crystals are found on the
walls and at the bottom. Characterization of thgstads using various techniques
described below confirmed that while the statspolymorph crystallized selectively in
fluorous vials the metastabfepolymorph crystallized in hydroxylated vials.

3.21IR AND RAMAN CHARACTERIZATION OF POLYMORPHS

We collected the IR spectra of polymorphs on a 8pet One FT-IR Spectrometer
(Perkin Elmer) equipped with an ATR (attenuatedaltoteflectance) accessory.
Acquisition of ATR-IR spectra is fast and uses almmount (1-2 mg) of sample. The
two polymorphs of the nitrofurantoin showed distirgable IR absorptions (Figure 3.8);
thus we used IR spectroscopy as the first techniqueharacterize the products of
crystallization.

% Transmittance

% Transmittance

3550 2550 1550 550
V(cm1)

Figure 3.8 IR Spectra ofo- (top) andfpolymorphs (bottom) of nitrofurantoin grown in
fluorous and hydroxylated vials.
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We used the overall pattern as well as severabckeanistic bands to distinguish between
the polymorphs and assess the hydrogen bond dteemgtthe solid state. The N-H
stretching vibrations of the imide group resultaimelatively broad band with a peak at
3140 cmtin a-polymorph and a narrower band at 3279am B-polymorph. The N-H
out-of-plane bending absorptions are observed @tci' in a-polymorph and at 713
cmtin B-polymorph.The differences in the stretching and bending feegies infer
different hydrogen bond interactions of the N-Higys in the two polymorphs. The N-H
group ina-polymorph participates in stronger N-H---O intéitas Oy...c 2.85 A, Q1.6
171°) than in B-polymorph (.. 2.82 A, §.u..6 155; see Section 3.22 for more
details)’® Stronger hydrogen bonding interactions shift ttretshing frequencies to the
lower value (due to the lengthening of N-H covalbohd) and bending frequencies to
the higher value (due to strengthening of H---Qcawalent bond).

The differences in hydrogen bonding can also beemies in the C=0O stretching
frequencies. Botla- and S-polymorphs show strong bands for C=0 groups a®icHi*
and 1728 cil respectively. Lower stretching frequency indicdtesjer C=0 bond in the
a-polymorph, again attributed to stronger hydrogending. The broadness of the C=0
band in theB-polymorph is due to the significantly different G=distances, 1.22 and
1.19 A. The corresponding C=0 distances indheolymorph are 1.21 and 1.20 A. The
longer C=0 bond in each corresponds the carborotmthat participates in hydrogen
bonding. The differences in IR absorption inteesitand positions allowed the quick
identification of the two polymorphs of nitrofura.

We collected the Raman spectra of two polymorphsaoBXR Raman Microscope
(Thermo Scientific). Raman spectroscopy does nqtiire sample preparation; it is
complementary to IR spectroscopy and provides imédion on molecular vibrations.
The high sensitivity of this technique allows tretattion of small changes in vibrational
frequencies that may occur due to changes in covdtons or crystalline environment.
Figure 3.9 shows the Raman spectra-odndS-polymorphs of nitrofurantoin.

The main differences between the two polymorphssaen in the positions and relative
intensities of -N@ group and C=N bonds. The -M@tretch occurs at 1342 €nin a-
polymorph and 1347 cfin S-polymorph. This small shift may be attributed teet
different N-O distances arising from CED-N interactions in the crystals. There are also
noticeable differences in the relative peak intéesiin the fingerprint region. For
example, an intense band associated with C=N appat609 cm for a-polymorph;
the same band is relatively weak in fB@olymorph and appears at 1608tm
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Figure 3.9 Raman Spectra af- (top) andS-polymorphs (bottom) of nitrofurantoin grown
in fluorous and hydroxylated vials.

3.22SINGLE CRYSTAL X-RAY DIFFRACTION ANALYSIS

The two polymorphs of nitrofurantoin had similar mpbologies, PXRD patterns (Section
3.23), and thermograms (Section 3.24). In ordemrtequivocally assess the identity of
the polymorphs, we characterized their structungsibgle crystal X-ray analysis. We
selected the crystals suitable for diffraction undemicroscope and mounted them on a
kapton loop or mesh using a small amount of pastwmineral oil. We collected the X-
ray data using Md<a radiation £ = 0.71073 A) on a Bruker APEX Il diffractometer
equipped with CCD detector and Oxford Cryostreans Bdw-temperature device. Table
3.1 lists the parameters for data collection anacsire refinement:

Nitrofurantoin molecules adopt planar conformatiansboth a- and S-polymorphs.
Molecules pack into layers in both cases (Figul®)3.hydrogen bonds are seen within
the layers and van der Waals arr$tacking interactions are seen between the layers.
Though layers are separated by shorter distancethans-form, stronger stacking
interactions between furan and hydantoin ringssaen in thea-polymorph. Despite the
differences in the intralayer and interlayer aremgnts, the overall packing efficiencies
of both polymorphs are almost identical (Table 3.1)
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Table 3.1 Crystallographic data fom- and Bpolymorphs of nitrofurantoin. The
temperature of data collection is givenTagacking coefficientC,, is calculated using

the program PLATON?

a B
Emp. formula @HeN4Os CgHgN,4O5
Formula wt. 238.17 238.17
Crystal system triclinic monoclinic
Space group P-1 P2,/n
a(A) 6.7903(3) 7.6783(6)
b (A) 7.6026(4) 6.4505(5)
c(A) 9.7657(5) 18.7849(16)
a(®) 106.993(2) 90
L) 103.841(2) 91.910(5)
y(©) 92.355(2) 90
V (A% 464.78(4) 929.88(13)
A 2 4
Deaic (Mg/m®) 1.702 1.701
F (000) 244 488
U 0.145 0.145
Ry 0.0350 0.0367
WR, 0.1006 0.1031
GoF 1.050 1.036
N-total 5926 15027
N-independent 2902 2956
N-observed 2590 2422
N-parameters 158 178
T (K) 100 100
frange 2.26-30.93 2.83-31.03
Index ranges -9<h<9 -11<h<11
-5<k<10 -8<k<9
-l4<1<14 -27<1 <27
Crystal size (mf)  0.40x0.37x0.20  0.25x0.16x0.16
Crystal shape prism plate
Crystal color orange yellow-orange
Solvent CHCN CH,CN
Ce 0.751 0.749
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Figure 3.10Interlayer packing irr- (top) andB-polymorphs (bottom) of nitrofurantoin.

Within the layers, molecules form head-to-head bgdn bonded dimers in theeform

and head-to-tail catemers in thgform (Figure 3.11). The dimers and catemers are
further linked by GHIID interactions to form two-dimensional networks. YWentioned

in the previous section that IR spectra suggest thpolymorph exhibits stronger
N-HID hydrogen bonds than tifepolymorph. In this context, it is interesting tmok at

the geometrical parameters of theHNIID hydrogen bonds. One of the quick indicators
of the hydrogen bond strengths is the distance detwhe donor and acceptor atoms (in
this case, N and O atoms). Consideration of tAEDNlistances alonex( 2.84 A; 3. 2.80
A)® would lead us to the erroneous conclusion thatdgeh bonds are stronger in tBe
form.
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Figure 3.11 Dimeric and catemeric arrangement ofHNIID hydrogen bonds within the
layers in the crystal structures @f (top) andB-polymorphs (bottom) of nitrofurantoin.

In our X-ray studies, we have located the H-atoristhe imide groups from the
difference Fourier maps and refined them withoutst@ints. In thgs-form, the imide N-

H bond is bent towards the O-atom to try to fortmaar hydrogen bond4|-ym: 162).
This bending of N-H bond leads to a strained geoyret the imide N-atom. Formation
of fully linear hydrogen bond&,-vm: 18C) will require a much greater strain at the N-
atom. For this reason, the-NIID hydrogen bond is weaker in ti&form. In the a-
polymorph no such strain is required to form adinbydrogen bond. One other factor,
the angle at the accept8ralso contributes to the weakening of hydrogen Larttie 5
polymorph. Only in thea-polymorh are the hydrogen bonds formed along fhection

of acceptor lone pairs (the CHIM angles in thea- and Fpolymorphs are 1T8and
176°). In summary, the stable-polymorph of nitrofurantoin forms stronger hydroge
bonds with geometries closer to the ideal valud®e fF-polymorph, in attempting to
attain these ideal supramolecular geometries, itmparolecular strain in itself and
becomes less stabfe.
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3.23POWDER X-RAY DIFFRACTION ANALYSIS

We collected the X-ray diffraction data on powdeolycrystalline) samples on a Bruker
D8 FOCUS diffractometer using Cuekradiation ¢ = 1.54056 A) equipped with a
vertical goniometer and a one-dimensional scitidta counter as the detector. The X-
rays are generated at power settings of 40 kV d@hanA. For X-ray data collection
Bragg-Brentano geometry is applied. Before PXRDlyasig, the crystals obtained from
the experiments are gently pulverized with mortadl @estle, transferred into the glass
sample holders (1.6 cm x 2.0 cm) and exposed tayX-over the range 5-45in the
increments of 0.04and at a scan rate of Ber minute. Figure 3.12 shows experimental
powder patterns of both nitrofurantoin polymorphseng with the patterns calculated
from their single crystal X-ray structures. The esimental PXRD patterns confirm that
crystals grown in the fluorous vials belong to #n@olymorph while crystals grown in
the hydroxylated vials represent tfgolymorph. Generally, PXRD method is the most
common and unequivocal tool to identify the sotigkes phases. In the case of anhydrous
polymorphs of nitrofurantoin, the powder diffractipatters are very similar. The most
intense peaks for both polymorphs occur at alnfessame 2value, 28.6 and 28.8 for

a- and B-polymorphs respectively. As expected, these nusnse peaks correspond to
the planes (021) and (20-4) containing closely pddkyers of nitrofurantoin molecules.
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Figure 3.12Calculated (top) and experimental (bottom) PXREigras ofa- (left) and
polymorphs (right) of nitrofurantoin.
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3.24THERMAL ANALYSIS

We collected the DSC data with a DSC-2920 (TA unsients) calorimeter in
hermetically sealed and crimped aluminum pans. S&srgre heated in the range of 25-
35C°C at different heating rates of 5, 10, 15, 20, 28 80°C per minute. The DSC
traces ofa- and S-polymorphs are shown in Figure 3.13. Both polynmsrghow similar
behavior, a small endotherm corresponding to tineiting followed by a large exotherm
associated with their decomposition. The decomppositf the drug upon heating is also
confirmed by independent TGA experiments. It is \kno that, upon heating
nitrofurantoin decomposes into gases such carbororide, carbon dioxide and nitrogen
oxides. In addition, this drug decomposes if caetdavith metals such as aluminum. In
our experiments, we noted that #txg@olymorph undergoes decomposition faster than the
Fpolymorph when heated in aluminum pans. Under slowating conditions, the
decomposition exotherm overshadows the melting tmedims (Figure 3.13). The melting
and decomposition traces get separated and sHifgter temperatures at higher rate of
heating. With the lowest rate of heating,& per minute, the melting endotherms are not
easily detected, especially in casexgbolymorph.

1201 a 5 10 15 20 25 30

% Heat Flow

1201 B 5 10 15 20 25 30
70

20 A1
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-80 T T
250 275 300 325

Temperature (C)

Figure 3.13DSC Thermograms af- (top) andS-polymorphs (bottom) of nitrofurantoin
showing melting endotherms followed by exothermgexponding to decomposition. The
thermograms are collected at different rates ofihg45-30°C per minute).
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3.25EFFECT OF RATE OF EVAPORATION

In order to see the influence of the rate of evapon on the nucleation of different
polymorphs we performed crystallization under vasicevaporation conditions (Figure
3.14). We controlled the rates of evaporation byombination of the number of
perforations in the caps and location of the expenits. Closed chambers and vials with
caps that had one small hole afforded the slovegstaf evaporation (0.15 mL/day) and
open vials in chambers under mild suction gave fistest rate of evaporation (0.92
mL/day). Fluorous vials gave only the stalsigoolymorph at slower evaporation rates,
and hydroxylated vials gave only the less stgbpwlymorph at faster evaporation rates.
As the rate of evaporation increased to the leweB7 to 0.9 mL/day, a small fraction of
the crystals ofF-polymorph appeared in the fluorous vials. No maltiew slow the rate
of evaporation, the hydroxylated vials always yeelda significant portion of3-
polymorph. These observations indicate that flusraubstrates can influence the
nucleation only when other conditions are optimizEdster evaporations lead to rapid
supersaturations where multiple nucleation evesftb@th polymorphs) take place inside
the vials. Under these conditions, the sheer nurobehe kinetic nuclei enables their
growth into crystals aided by other factors suckraaller volumes of remaining solution.
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Figure 3.14 Relative amount of-polymorph in fluorous (red) and hydroxylated (Blue
vials as a function of the rate of evaporation.eNibie exclusive growth af-polymorph in
fluorous vials when the rate of evaporation is kess 0.6 mL/day. Note also the exclusive
growth of S-polymorph in hydroxylated vials when the rate @époration is greater than
0.4 mL/day.

The evaporation rates we reported here are orgyaet to crystallizations carried out in
1 dram (~5 mL) vials containing approximately 1.8 of 21 mM acetonitrile solutions.
For other vials of different sizes, different iaiti volumes and different initial
concentrations, the absolute numbers of the rdtesaporation changed but the overall
trend remained same. We repeated the experimenés times and within each
experiment we tested five fluorous and five hydtatgd vials. The data presented in
Figure 3.14 is based on all these experiments.
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3.26EFFECT OF INITIAL CONCENTRATION

All the work presented until Section 3.24 is based21 mM acetonitrile solutions that
are evaporated at a rate of 0.45 mL per day. Th&es of solvent, initial concentration
and rate of evaporation came from several initigdegiments that led us to find ideal
conditions for exploiting the xenophobic natureflabrous surfaces. In this section, we
present the effect of initial concentration on the#come of crystallization. We kept the
size of the vial (1 dram), initial volume (1.8 mlgplvent (acetonitrile), and rate of
evaporation (0.45 mL/day) constant in these expamis1 We began with 2 mM solutions
and gradually increased the concentrations up ton#0 and documented the results
(Figure 3.15). As above, we repeated the experisndéine times and within each

experiment we tested five fluorous and five hydtatgd vials. The data presented in
Figure 3.15 is based on all these experiments.
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Figure 3.15 Relative amount of-polymorph in fluorous (red) and hydroxylated (Blue
vials as a function of initial concentration. Ndte exclusive growth o&-polymorph in
fluorous vials when the initial concentration isdethan 30 mM. Note also the exclusive

growth of #~polymorph in hydroxylated vials when the initiarcentration is greater than
20 mM.

At concentrations below 30 mMr-polymorph consistently and selectively crystaliize
fluorous vials. At higher concentrations, partigfstallization of 3-polymorph is seen in
these vials; higher the concentration, greatehesmole fraction of thg-polymorph. In
hydroxylated vials, solutions with initial conceations greater than 20 mM gave the
crystals of-polymorph exclusively. Solutions with lower cont@tions (2 to 16 mM)
gave a mixture otr- and S-polymorphs; typically crystals of--polymorph are always
seen at the bottom of the vials. Higher the dilutigreater is the mole fraction of the
polymorph. It is important to distinguish the resuh the two types of vials. Fluorous
vials can yield the crystals of stable polymorpldemconditions that normally favor the
growth of metastable polymorph, but the reverseoistrue for hydroxylated vials. The
exclusive growth of metastable polymorph in hydiatgd vials occurs only when other
conditions (higher initial concentrations or fastates of evaporation) allow it. For the
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results reported in this and the previous section, separated the crystals of two
polymorphs into lots by visual inspection, quaetiithe lots by gravimetry, and
characterized them by IR spectroscopy.

3.27REMNANT CONCENTRATION

One of the best clues about the processes thathapgide the fluorous vials is given by
the darkening of solution color as a function ofhgeration. From the inspection of
several experiments, we noted that solutions iorflus vials turned increasingly more
intense in color than the ones in hydroxylatedsvifdigure 3.7). To assess these changes
in a more quantitative manner, we set up a tripticaf experiments with 21 mM
acetonitrile solutions that evaporated at a raie.4% mL per day. In each experiment, we
used 20 fluorous and 20 hydroxylated vials, eacth Wi8 mL of the solution. As the
evaporation continued we tested the remnant coratént of the solution, every four
hours, in both types of vials. We measured the emhrconcentration in every
experiment by gravimetry (by taking 0.1 mL of sadat evaporating it on a cover slip,
and weighing) and one experiment by UV-Vis speciopy (by taking 0.1 mL of
solution and subjecting it to serial dilutions apidtting the A.x against a calibration
trace).
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Figure 3.16 Remnant concentrations of the solutions in flusréeed) and hydroxylated
(blue) vials as a function of evaporation time. i®tthe steep increase in the remnant
concentration in fluorous vials for one and halfslaEach point in the plot represents a
mean value from three experiments. The data hathianom error of 4% and a maximum
error of 21%.

The results from these triplicate experiments (FBgR116) show that concentration of the
remaining solutions increase steeply in fluoroualsviuntil about 36 hours and stay
constant for 36 more hours. We found it difficudt measure the remnant concentration
after this point because the solution is highly esspturated and leads to immediate
precipitation when touched with a micropipette or ngedle. In contrast, the

concentrations of the solutions in hydroxylatedlsvi;emained constant and increased
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only slightly after about 40 hours of evaporatidhese results suggest, as can be visually
observed, that crystallization of metastable polgghoon the walls of hydroxylated vials
keeps the remnant concentration of the solutiorstzan. In the fluorous vials, decreased
volumes and lack of crystallization increase thamant concentration. The flattening of
concentration in fluorous vials after certain tilndicates the homogeneous nucleation in
solution and crystallization of the stable polyntwsp

3.28POLYMORPH SELECTION BY OSTWALD RIPENING

We tested two contrasting surfaces, one highly dykitic and the other xenophobic, for
the crystal growth of nitrofurantoin. Some salidatts of our experiments are: (a)
crystals of3-polymorph appear on the walls of hydroxylated viaithin few hours, (b)
these crystals are formed at the evaporating sbfvent and continue to grow on the vial
walls until the completion of evaporation, (¢) nrystals are formed on the walls of
fluorous vials even at faster rates of evaporatiad higher initial concentrations, (d)
fluorous vials yield only ther-polymorph (under most conditions) and hydroxylateds
give thepolymorph, (e) only in fluorous vials the remnaatncentration continues to
increase for a significant time after the beginnafgcrystallization, (f) the number of
crystals formed in hydroxylated vials far excedus number of crystals in fluorous vials,
and (g) crystals of the stable polymorph formedlunrous vials are significantly larger
than the crystals of metastable polymorph growhnyidroxylated vials.

These results can be best understood by two ifdérte processes well-known in
physical organic chemistry, Ostwald rule of staged Ostwald ripening. Ostwald rule of
stages states that “in all processes, it is nofrtbst stable state with the lowest amount of
free energy that is initially formed but the leasable state lying nearest in the free
energy to the original state”. According to thigeruthe nuclei of the kinetic form, the
polymorph, nucleate first because their free enésdying closer to the free energy of
solute molecules in the saturated solution. Anothey expressing this idea is that {ie
polymorph has a smaller nucleation barrier than dhgolymorph (Figure 3.17) and
hence it can nucleate first.

Nucleation, described in Chapter 2, is a critidgjpsin the crystallization of different
polymorphs. Each polymorph has its own characterisucleation barrierAG* and
critical size of the cluster* that is stable enough to grow into a crystal. &talles in
supersaturated solutions aggregate to form nutlgiffierent polymorphs. Various nuclei
compete for molecules dissolved in solution andetin nuclei tend to adsorb most
molecules at the beginning. Kinetic nuclei are Uguasigher in number at the onset of
crystallization because of their lower nucleati@urker. Kinetic nuclei are formed faster
in the solution but they also have greater solgybifthan nuclei of thermodynamic
polymorphs) and tend to dissolve more readilyh#fse kinetic nuclei can stick to some
surface to lower their surface energy, they cawigerin the solution and grow further
into crystals. This is the process that is obsemwhken crystallization is performed in the
hydroxylated vials. In other words, crystal grovathkinetic polymorph is promoted by
heterogeneous nucleation on the hydroxylated sesfac
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In case of fluorous vials, the xenophobic naturehef vial surfaces does not allow the
adsorption of kinetic nuclei on to the vial wallsdaforces these nuclei to dissolve back
into solution. We call this process the suppressibnucleation at fluorous interfaces.
With time, increased supersaturation lowers thdeation barrier of the thermodynamic
form, the a-polymorph, and promotes the formation of nucletho$ stable polymorph.
Given that thermodynamic nuclei have lower soltypilhan the kinetic nuclei, crystals of
a-polymorph tend to grow while those Gfpolymorph dissolve back into solution. This
process, the growth of a thermodynamic polymorphthet expense of a kinetic
polymorph, is called Ostwald ripening.

*
xAG thermodynamic /

kinetic

o
Ac;*kineti

size of the cluster

free energy (AG)
o

thermodynamic a-nitrofurantoin

Figure 3.17 Free energy diagram for a dimorphic system showlegnucleation barriers
for kinetic (blue) and thermodynamic (red) polymusp Note thanG* and r* of kinetic
polymorph are smaller thakG* and r* of thermodynamic polymorph.

3.29SUMMARY AND CONCLUSION

W developed a new and generic method to promotgrath of the stable polymorphs
by suppressing the nucleation of metastable polpmet xenophobic interfaces. While
previous methods ug@omotion of heterogeneous nucleation as a means to driwtatry
growth on the surfaces, our method uselsibition of heterogeneous nucleation to
selectively grow crystals away from the surfacesliké the previous approaches, our
method does not require prior knowledge of thetatystructures of polymorphs and as
such it should be applicable to many pharmaceuéindl other types of compounds that
exhibit polymorphism. We have shown that crystatiian in fluorous vessels can be an
effective tool to distinguish between polymorphsittihave similar densities, packing
fractions and lattice energies. Further work, naspnted here, has shown that same
results can be obtained with the trigonal &honoclinic polymorphs of carbamazepine.
Fluorous surfaces amot omniphobic; they arexenophaobic. In this context, it will be
interesting to test the crystallization of compaosititht contain fluorous moieties. Indeed,
up to 20% of pharmaceuticals now contain fluoritenes and a good portion of them
contain fluorous fragments. In the next chapterwilediscuss the reverse inhibition in
the growth of a polymorphic drug that exhibits floos crystal faces.
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4.1 PHARMACEUTICALS WITH FLUOROUS FRAGMENTS

Fluorinated pharmaceuticals, though unknown unféva decades ago, constitute 20% of
the marketed drugs today.Much of the interest in fluorinated pharmaceutcainerges
from the small size and high electronegativity lobfine atom and also the xenophobic
nature of fluorous fragmentsThe van der Waals radius of fluorine (1.47 A) legween
those of hydrogen (1.2 A) and oxygen atoms (1.52 Br this reason, research in drug
discovery often involves replacement of H-atoms®H groups by F-atoms. Fluorinated
pharmaceuticals, drugs that contain either aronfa&toms or fluorous fragments, can
enhance the binding between drug and the recepémies through electronic properties,
assist the diffusion of the drug across the lipehthranes through lipophilic interactions,
and induce conformational or other changes by ogusi relieving steric straih.

Mo
~N
H

> g
.

Figure 4.1 (a) Molecular structure of fluoxetine hydrochlorideflaorous pharmaceutical
marketed as Prozddb) Crystal structure of Prozac showing the hydrogended layers
that expose fluorous groups at the potential grdactes®
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We are interested in those drugs that contain dusrfragments such as —C§roups’
We expect that in the solid state, these fluoraagrients, due to their xenophobic
nature, aggregate into pockets, columns or shetdis are isolated from hydrogen
bonding functional groups. Fluoxetine hydrochloridee top selling fluorinated drug,
serves as a good example (Figure 4.Cxystal structure of this drug shows distinct
lamellar domains of hydrogen bonds, aromatic-aramatteractions and fluorous-
fluorous interaction§.We anticipate that many pharmaceuticals with ~6F other —
CnF, fragments adopt similar isolated fluorous domaind lend themselves well for the
crystal growth studies in hydroxylated and fluoraisls. In such circumstances, drug
crystals with xenophobic surfaces are expected howsthe inverse trend. Stable
polymorphs are expected to grow on glass or hydateg surfaces and metastable
polymorphs on fluorous surfaces. To test this hiypsis, we have selected flufenamic
acid, an anti-inflammatory dru§, as a model pharmaceuti¢af® Flufenamic acid
exhibits temperature induced transitions betwedgnparphs'**® below we discuss the
two types of solid state phase transitions that @ecur in a given system and their
thermodynamic relations.

4.2ENANTIOTROPIC AND M ONOTROPIC PHASE TRANSITIONS

Polymorphs of a compound have different crystalcitres and hence different lattice
free energie$® A higher energy, less stable, polymorph can temsfto a lower energy,
more stable, polymorph either spontaneously origreal induction such as pressure,
temperature or some other fact6t? Transformation of polymorphs at constant pressure
is determined by the difference in their free eresdA\G = AH - TAS). The difference in
enthalpyAH refers to the difference in lattice structure ameérgy, and the difference in
entropy AS refers to lattice vibrations and disorder. Undeedsdiic conditions, a
spontaneous transformation involves decrease | émergy AG is negative), and a
transformation is not spontaneous if there is anei@se in free energ\G is positive).
The thermodynamic conditions and possible direstiohthe transformations between
two polymorphs and liquid for a single componersteyn are shown in Figure £2%
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Figure 4.2 Thermodynamic relationships between polymorphs &ne(a) enantiotropic
and (b) monotropic. Free energy and enthalpy curves far pwlymorphs and liquid are
drawn. Note the crossing of free energy curvesénenantiotropic system.
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In an enantiotropic system (Figure 4.2a), the tvatymorphs can interconvert, as a
function of temperature, prior to melting. The tergdure at which one form transforms
to the other is called the phase transition tempegaExamination of free energy curves
indicates that prior to transition temperaturenfok is more stable; form B is more stable
after the transition point. At the transition temgtere, both polymorphs are in
equilibrium with each other.

In a monotropic system (Figure 4.2b), one of the pelymorphs is always stable prior to
melting. Polymorph B can transform to polymorph ét beverse transition does not take
place. This is the difference between enantiotrapid monotropic systems: in the former
the phase transition is reversible and in the dattes irreversible. A closer look at the
enthalpy curves in Figure 4.2 is instructive. Imanotropic system, the BA conversion
involves a net reduction in enthalpy; that is thecgss is exothermic. In an enantiotropic
system, an exothermic event refers tg B transition and an endothermic event indicates
A - B transition. Based on the type of transition, exo-endothermic, we can tell
whether a particular polymorph is stable or metdstaat a given temperature. The
knowledge of polymorphic behavior (monotropic oraetiotropic) of a compound is
important in the pharmaceutical industry. Unexpgdtansformation of one polymorph
to another can pose problems in the drug developnmi@elative thermodynamic
stabilities of polymorphs strongly depend on pressand temperature and phase
transitions can be induced by changes in temperaiupressure that often occur in the
formulation processes such as tableting, grindang, drying.

4 . 3FLUFENAMIC ACID

Flufenamic acid, an analgesic with a fluorous fragimis multimorphic and up to eight
polymorphs [ — VIII ) have been reportéd™® Five of these polymorphs$\{ — VIII ) are
observed on a hot stage during heating; they aetifig and their characterization is
difficult. The literature contains limited or no ysical data on these five forrfsOf the
remaining three polymorphs, fornrhsandlll can be grown from solutions and foiin
can be obtained by sublimation or fusion. The tlmtymamic relationships between
different polymorphs are shown in Figure 4.3. lis tivork we are primarily interested in
polymorphs! and Il ; they can readily obtained at room temperature they are
previously characterized by thermal, diffractiordaspectroscopic methods. Figure 4.3
shows that formg andlll are enatiotropically related. Below 42 °C, fotth is the
thermodynamically stable polymorph, and fdris the metastable polymorph. Above 42
°C polymorphl becomes stable and forth metastable. Fornil is monotropic with
respect to form, and enantiotropic with respect to fodih. Above 104 °C, formil
becomes more stable than fotih. The relationships between other polymorphs ate no
fully established; they are plotted in Figure 403give a complete picture of reported
data.
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Figure 4.3 Relative free energies of various polymorphs afefhamic acid plotted as a
function of temperature. Adopted from referencesid 15.

It is reported that crystallization of flufenamicié from different solutions yield
polymorphlll from solvents with lower boiling points (< 8@C), polymorphl from
solvents with higher boiling points (> 13C), and a mixture of both polymorphs from
solvents with intermediate boiling poirffsin these experiments, saturated solutions are
made near the boiling points of solvents and cltygtawth is induced near those
temperatures. This study indicates that the typpodymorph crystallized from a given
solvent depends on the temperature of crystal drotlvese results are in accordance with
the transition temperature between forinandlll . These results are also relevant to our
temperature dependent crystallization studies dsaiin Section 4.10. The IR, DSC and
X-ray data available for polymorphsandlIll will be useful in this work for comparison
and confirmation of results. Additionally, formhsandIll exhibit distinct colors, white
and pale-yellow, and morphologies, plates and msedllost importantly, formsandill
possess layered crystal structures with sheath<C8f groups and potentially they can
exhibit crystal faces that are fluorous and xendythoNe explored the crystal growth of
these two polymorphs in hydroxylated and fluoroigsvto influence crystal nucleation
and to control polymorphism.

4.4CRYSTAL GROWTH IN HYDROXYLATED AND FLUOROUS VIALS

We prepared the hydrophilic and fluorous substratsisg the methods described in
Chapter 3% For each series of crystallization experiments, pvepared 78 mM
solution of flufenamic acid in ethanol by stirrittge solution at 60 for 20 minutes. We
transferred this freshly prepared solution into bedroxylated and ten fluorous 1 dram
vials until each vial is filled to a third of itelght (~1.8 mL). We covered the vials with
screw-caps containing holes and allowed ethanoévaporate slowly. After almost
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complete evaporation of solvent (~6 days), crystaferm| grew selectively in fluorous
vials while crystals of formlll grew in hydroxylated vials. In sharp contrast to
crystallizations of nitrofurantoin (Chapter 3) aher drugs that did not contain fluorous
groups, crystals of flufenamic acid did not nuateat grow on the vial walls of either
hydroxylated or fluorous vials (Figure 4.4a). Caystgrown in the fluorous vials are
white with plate-like morphology while needle shdpmle-yellow crystals are grown in
hydroxylated vials (Figures 4.4b-c). We repeateels¢hcrystallization experiments at
least five times and obtained reproducible results.
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Figure 4.4 (a) Crystal growth of flufenamic acid from the samelkbsolution in
hydroxlayed (left) and fluorous (right) vials. Ne the yellow color of the fornfll
crystals in the left vial and white color of formcrystals in the right vial. Microscopic
images of(b) form | crystals grown in a fluorous vial arfd) form Il crystals grown in a
hydroxylated vial.

We characterized the crystalline products by optitiaroscopy, IR spectroscopy, single
crystal and powder X-ray diffraction methods. Thesethods showed that the white
plates formed in fluorous vials belong to polymotpdnd the yellow needles crystallized
in hydroxylated vials belong to polymorph . In both types of surfaces nuclei did not
stick to the walls of the vials and crystals amerfed at the end of the evaporation process
(Figure 4.4a). These results suggest that thermoisspecific interaction between
xenophobic nuclei of flufenamic acid and the hydtated and fluorous surfaces of vials.

4.5VISUAL OBSERVATIONS

Figure 4.5 shows stepwise crystallization procadsydroxylated and fluorous vials. The
image on the top shows the beginning of the criyssdion. The two types of surfaces
exhibit different wetting properties with hydroxtéa vials having higher affinity for
ethanol than fluorous vials. The concave menistih@former vials are more deeper than
those in the latter. The bottom image shows thetaljzation process after four days.
Flufenamic acid does not crystallize on the walishgdroxylated and fluorous vials
during solvent evaporation. This observation sutggdest crystal nuclei do not attach to
the hydroxylated surfaces even though ethanol thetse surfaces. In addition, no visible
crystallization occurs on the walls of fluorouslsiamplying that the attraction between
two fluorous surfaces is not strong enough to ptentive adhesion of crystal nuclei. It is
possible that a fluorous solvent with better wegttproperties will promote the crystal
nucleation on the walls of the fluorous vials. Wd dot perform these experiments in
this work. As mentioned above, crystals appearethatend of the evaporation with
yellow needles in the hydroxylated vials and wipii@tes in the fluorous vials.



74 CHAPTER4

Figure 4.5 Monitoring of crystal growth of flufenamic acid hydroxylated (left two) and
fluorous (right two) vials. Notice the differencés the menisci. Notice the lack of
crystallization on the walls of fluorownd hydroxylated vials.

4.6IR SPECTROSCOPIC CHARACTERIZATION OF SOLID FORMS

Formsl andlll show several gross similarities and some importiferences in their
IR spectra (Figure 4.6). Both forms show broad gutfans of G-H stretching vibrations
in the region 3500-2250 chcharacteristic for carboxylic acid. IntramolecubérH D
bonds between imine and carbonyl groups and intecuatar G-HIID bonds between
carboxylic acid groups are responsible for thesmdrabsorptions. The C=0 stretching
absorption occurs at 1651 ¢nin form | and at 1655 crhin form Il . These values are
significantly lower than expected for an aromat&rboxylic acid; the reduction in
stretching frequency of C=0 is caused by intramdbechydrogen bonding with imine
group, in addition to the conjugation with the pjieting. Between the two polymorphs,
the slightly lower C=0 absorption frequency forrfot is a result of slightly elongated
C=0 bond that is involved in strongerNIID=C hydrogen bonds with imine group. The
C=0 distances for polymorphsandlll are 1.234 A and 1.230 A respectivéfy® The
imine N-H stretching vibrations absorb at 3320°tfar form | and at 3314 cthfor form

Il . These values appear to contradict the previoagersent (stronger NHIID=C
hydrogen bonds in forml). The apparent contradiction arises from the chffie
conformations of flufenamic acid molecules in formandlll (Figure 4.7). Significant
differences between the two polymorphs can beladsobserved in the fingerprint region
(Figure 4.6¢) The bond distances given above &ent&rom previously reported crystal
structures determined at room temperature. Moleatitactures in Figure 4.7 are plotted
from low temperature X-ray crystal structures deieed by us.



FLUOROUSPHARMACEUTICALS — INHIBITION OF NUCLEATION ... 75

(@)
(0]
Q
=
8
£
0
c
S
-
Y
|
(0]
Q
=
a
E
£
1%}
=
o
=
EN
n
3650 2900 2150 1400 650
o
(©)
(0]
o
=
[}
E
=
[}
c
o
-
N
1& 1
1850 1550 1250 950 650

v(cm?1)

Figure 4.6 IR Spectra ofa) polymorphl and(b) polymorphlll grown in fluorous and
hydroxylated vials. These two images show the I&csp of flufenamic acid in the range
3650-650 cnrit. (c) Overlaid IR spectra of formk (green) andll (orange) given in the
range 1850-650 cih
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Figure 4.7 Molecular conformations of flufenamic acid {f@) polymorph| and (b)
polymorphlll . Notice the opposing orientations of —-COOH and @Bups in formill .
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Table 4.1 Crystallographic data for polymorphsand llI

of flufenamic acid. The

temperature of data collection is givenTag®acking coefficientC,, is calculated using

the program PLATON?

Emp. formula
Formula wt.
Crystal system
Space group
a(A)

b ()

c(A)

a(’)

B()

140)

V (A3

z

Dcalc (Mg/ms)
F (000)

M

Ry

WR,

GoF

N-total
N-independent
N-observed
N-parameters
T (K)

fdrange

Index ranges

Crystal size (mr)
Crystal shape
Crystal color
Solvent

Ce

CZl;4H10F3N02
281.23

triclinic
P2;/c
12.413(7)
7.753(5)
12.677(7)
90
94.739(12)
90
1215.8(12)
4
1.536

576
0.134
0.0369
0.0984
1.038
15125

3028
2626

189
100
1.65 -28.28
-16<sh<16
-9<k<10
-16<1<16
0.24x0.22x0.20

plate
white
ethanol
0.710

Ci4H10F3NO,
281.23
monoclinic

C2/c

39.6466(11)
5.04810(10)
11.9577(4)

90
91.907(2)

90
2391.89(11)

8

1.562
1152
0.136
0.0332
0.0926
1.040
13315
3028
2592
189

100
2.06 - 28.50°

-52<h<52

-6<sk<6

-15<1<15
0.32x0.30x0.07

needle
pale-yellow
ethanol
0.720

4.7CRYSTAL STRUCTURES OF FORMS | AND I

In order to assess the identity of two polymorpins,determined their three-dimensional
structures by single crystal X-ray diffraction medls. Full details of the data collection
methodology and crystal structure solution, refieatrand analysis are given in Chapter
3. Table 4.1 lists the key crystallographic datagolymorphsl andlll of flufenamic
acid. In both forms, carboxylic acid groups formHIID hydrogen bonded dimers, with
the O---O distances of 2.642 Aliand 2.629 A ifll . The carbonyl and imine groups in
both polymorphs form intramolecular-NID hydrogen bonds, with the N--O distances
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Figure 4.8 Crystal structure of polymorphshowing hydrogen bonded layers. Notice the
interdigitation of adjacent layers and sheathsG@Fzgroups.
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Figure 4.9 Crystal structure of polymorphl . Notice the hydrogen bonded layers and
fluorous sheaths between the layers. Contrast &gdr8 and 4.9 to notice the absence of
corrugation and interdigitation in forii .
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of 2.649 A in forml and 2.677 A in fornill . The phenyl rings are twisted with respect to
each other (interplanar angles are 8ir2form| and 41.8 in form Il ) to alleviate the
repulsions between the H-atoms on different ringsboth polymorphs, the carboxylic
acid groups are nearly coplanar with the attachegsr(angle between the planes of acid
dimers and phenyl rings are 4i& form| and 6.3 in formlIl ).

The major difference between the two forms at aeawhr level occurs in the relative
orientation of the —COOH and —¢Hroups (Figure 4.7). In formh both groups point
roughly in the same direction; in forlhh they point in the opposite direction (caused by
the rotation of phenyl ring bearing —Cgroup around the C—N bond). Thus forimesnd

[l can be considered as conformational and oriemalti@r packing) polymorphs. The
most important feature of the structures is thah lpmlymorphs contain hydrogen bonded
layers that are separated by fluorous sheaths Bf gf@ups (Figures 4.8 and 4.9). One of
the important reasons in our selection of fluferamiid as a model pharmaceutical is
that the two solution grown polymorphs have two-elisional fluorous sheaths. Based
on the understanding that hydrogen bonds are stroamgd —CEIIF;C— interactions are
weaker, we hypothesized that larger or largesttahfaces of the two polymorphs will
expose the fluorous surfaces. The rate of crystaltp in a direction is proportional to
the rate of attachment of molecules in that dicecti It is safe to assume that rate of
growth along the hydrogen bonding is much fastanthlong the direction of fluorous
interaction. Thus, we surmised that the largeraogdst crystal faces of forinandlll

will be fluorous.

Figure 4.10 Beading of water droplets on the largest of faocésflufenamic acid
polymorphsl (left) andlll (right).

To examine the nature of these faces, we condwathct angle measurements with
water droplets on these crystals. Spreading of maiteuld occur if the largest surfaces
are hydrophilic (-COOH groups at the interface)ading of water should occur if the
surfaces are hydrophobic (—£groups at interface). Figure 4.10 shows the imaifes
water droplets on the largest faces of polymoiphsedlll . The measured contact angles
are in the range 100-102nd the crystal faces are highly hydrophobic, prgwour
hypothesis that these faces expose fluorous groMps. assume further in our
rationalization of the results that crystal nuaéithese polymorphs also expose similar
fluorous surfaces.
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4.8POWDER X-RAY DIFFRACTION ANALYSIS

We pulverized the crystalline products obtainedrfrthe experiments with mortar and
pestle and exposed the ground materials to X-raysadBruker D8 Focus powder
diffractometer. We collected the data in thgrange 3-4%at an increment of 0.04nd a
scan rate of 4 per minute. Figure 4.11 shows experimental powalgterns of both
polymorphs of flufenamic acid along with the pattecalculated from their single crystal
structures. The experimental PXRD patterns confinat while crystals grown in the
fluorous vials correspond to polymorphthose grown in hydroxylated vials belong to
polymorphlll . Unlike the polymorphs of nitrofurantoin, flufenamacid polymorphs
show distinct PXRD patterns. We use PXRD analysia #ool to confirm that crystals in
the bulk sample had the same structures as thedesesbed in previous section.
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Figure 4.11 Calculated (top) and experimental (bottom) PXRBtgras of polymorphs$
(left) andlIl (right) of flufenamic acid. Notice the corresponde between the calculated
and experimental patterns for a given polymorph #red contrast between the different
polymorphs.

4 9THERMAL ANALYSIS OF PHASE TRANSITIONS

We collected the differential scanning calorimg®sC) data in hermetically sealed and
crimped aluminum pans. We heated the samples iratige of 25-35TC at 10 and 2C
per minute. The DSC traces of polymorghandIll are shown in Figure 4.12. Both
polymorphs show a single endotherm correspondinthe¢omelting when heated at the
rate of 10°C per minute (133C for | and 126°C for Il ). These melting points agree
with the reported values.
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Figure 4.12DSC Thermograms of polymorphgtop) andlll (bottom) showing melting
endotherms. The thermograms are recorded at afra@°C per minute.

We tested the enantiotropic relationship betweem$d andlll in the calorimeter using
different rates of heating. It is known that fofth is more stable than forinbelow 42
°C |f the polymorphs are heated at the rate of@(er minute they do not show any
other phase transitions other than melting endothelf the polymorphs are heated at the
slower rate of 2C per minute, polymorphll shows a smakndotherm at 120°C just
below the melting point (Figure 4.1%)Forms| andlll are enantiotropic; that forihl
absorbs heat when transformed to formindicates that fornill is the more stable
polymorph at room temperature (below the transigomt).
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Figure 4.13 DSC Thermogram of polymorphl showing a small endotherm at 120

corresponding tolll -1 transition and a large melting endotherm at I8 The
thermogram is recorded at a rate 6f2per minute.
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4.10CRYSTAL GROWTH ABOVE THE PHASE TRANSITION TEMPERATURE

Flufenamic acid provided us with a unique systemtetst whether the surface effects
would be reversed if the crystallization were eadriout at a higher temperature. We
hypothesized that if the crystal growth is allowedoccur above the phase transition
temperature, fornh (now stable) should appear in hydroxylated viad éormlll (now
metastable) should appear in fluorous vials. Weetes series of experiments with
ethanol at temperatures in the range of 50@0but the rapid evaporation of ethanol in
these conditions yielded mostly forith regardless of the surface used. We carried out
further experiments in toluene solutions due tahsity to dissolve flufenamic acid and
its relatively slower rate of evaporation in thgiom 70-90°C compared to other solvents
tested.

Form I

Form II

|Form III

5 10 15 20 25 30 35
2609

Figure 4.14PXRD Patterns of formis Il andlll . Formll is grown from toluene solutions
in fluorous vials at 80C.

We prepared 42 mM solutions of flufenamic aciddluéne by heating at 6@ for about

20 minutes and used them for crystallizations imiatetly. A set of hydroxylated and
fluorous vials containing these solutions are kd@0°C in an oven. In the hydroxylated
vials, white crystals are formed at the bottom amthe fluorous vials off-white colored
crystals appeared. We characterized the crystahydnoxylated vials using PXRD and
confirmed that they belong to polymorphOur hypothesis seemed to have worked in
that at higher temperatures the stable polymdrminystallized in vials with repelling
surfaces. What formed in the fluorous vials is tgebe determined with confidence, but
the PXRD analysis gave us a pattern that did ndthmpolymorphl or Il , but had
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several peaks that matched polymonph(Figure 4.14). Interestingly, the off-white
crystals formed in fluorous vials turned white iolar within 24 hours, and PXRD
analysis revealed that these crystals belong tgnpmiph . It is known that formil is
metastable and exhibits a monotropic relationshihh form | at all temperatures. The
transition of formll to forml is therefore not surprising; once the- | transition occurs,
it is an irreversible process and the crystals reras forml at room temperature.

4.11SUMMARY AND CONCLUSION

We explored two contrasting surfaces for the chygtawth of polymorphs of flufenamic
acid at temperatures below and above the phassitteentemperature. We showed that
both hydroxylated and fluorous surfaces influermeedrowth of polymorphs in these two
temperature ranges. The hydroxylated surfaces igtdyhhydrophilic and the fluorous
surfaces are highly hydrophobic. When the drugystallized from ethanol solution at ~
25 °C, crystals of metastable polymorplgrow exclusively in fluorous vials. Under the
same conditions, from the same stock solution, amjstals of stable polymorphi
grow in the hydroxylated vials. On both types @y crystals appeared at the end of the
solvent evaporation and nothing crystallized onwhadls of hydroxylated and fluorous
surfaces. These results are in contrast with oawvipus studies using indomethacin,
nitrofurantoin, carbamazeine and other drugs, fhiclv crystals always nucleated on the
walls of the hydroxylated vials along the solvewoint.

The change in the nature of hydroxylated surfaoes being sticky to nonstick can be
understood by noting that flufenamic acid is thdyadrug we screened that contains
fluorous fragments (—GJrin the molecular structure. As stated in Sectiohwe surmise
(based on the water contact angles of largestaryates) that fluorous nuclei of this
drug are highly hydrophobic and do not attach te kydroxylated surfaces. Thus,
nucleation of metastable form is suppressed omtiks allowing for the stable form to
nucleate and grow into crystals. In our previousligts we used xenophobic vial surfaces
to promote the growth of thermodynamic form by segping the nucleation of kinetic
form. In this study, we showed the reverse inhiifi clusters of kinetic polymorph
exhibit fluorous surfaces and do not nucleate aardyhilic surfaces. In fluorous vials,
the growth of kinetic form may be promoted by falae interactions between fluorous
nuclei and fluorous surfaces of the vial. The obsgon that crystals did not nucleate on
the walls of the fluorous vials can be attributedobor wetting properties of the ethanol
and the weaker fluoroEluorous interactions between the nuclei and viallsv It is
possible that microscopic nuclei are attached ® gtrface and allow the growth of
metastable form in the fluorous vials. Further sadusing fluorinated solvents for
crystallization can resolve some of these issues.
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5.1BACKGROUND

Multicomponent solids, be they cocrystals or sslidutions, may be viewed as materials
that can exhibit functions superior or unavailaioi¢he individual componentsThough
molecular complexes have been studied for a lon@ the design of cocrystals
containing more than two different components remmai challenging taskExcept for a
few notable contribution$'® most studies on organic cocrystals led only toftieation

of binary organic solids.In contrast, metals and inorganic compounds rgafditm
multicomponent solids in the form of solid soludft ° Creating multicomponent solid
solutions of organic molecules, however, is chajieg because these molecules possess
intricate shapes and participate in directionarimolecular interactiorsConsequently,
most of the molecule based solid solutions contaily two componentS. Here we
describe asupramolecular approach for the preparation of solid solutionat tbontain
three or more organic molecules. The principal athge of solid solutions is that their
properties can be modulated by gradual modificatadnthe relative ratio of the
components?

5.2MOLECULAR CRYSTALS

This work involves crystalline solids that containgle and multiple components and in
this context it is useful to define the terms malac crystal, cocrystal and solid solution.
A molecular crystal is a periodic single componentid in which the component
molecules are arranged on a three-dimensionatdairigure 5.1a). The rationalization
and design of crystal structures are the centrallsguf crystal engineering both to prepare
functional solids and to advance our understandfrayystal growth, polymorphism, and
structure-property relationshipsPolymorphs, crystals of the same compound with
different structures, have attracted much receterést because of their importance in
pharmaceutical processiftf?? Early work in crystal engineering laid the fouridas for

@ (b) (c)
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Figure 5.1 Schematic representations @) a crystal,(b) a cocrystal andc) a solid
solution.(a) A single-component crystal is a solid with perdirangement of one type of
molecule.(b) The cocrystal shown here is made fromo different molecules; its repeat
unit, however, containtree molecules. This is an example obiary cocrystal with a
trimolecularrepeat unit.(c) The molecular solid solution shown here is madenfitwo
different molecules that have similar sizes ancbebaThe components are arranged on a
periodic lattice but distributed randomly throughaihe crystal. In a cocrystal the
components are in a stoichiometric ratio; in adssblution, they are not. All three solids
have periodic structures; all amgystalline materials.



88 CHAPTERS

the design of two-component solids and the concapdistools of crystal engineering are
now being applied in the preparation of multicompanpharmaceutical solid3.In the
past, multicomponent solids are prepared as ettberystals or solid solutions (Figures
5.1b and 5.1c).

5.3COCRYSTALS

Cocrystals are periodic crystalline solids that teom two or more components in a
stoichiometric ratio (Figure 5.1B)Cocrystals have different properties than thetatys
of individual components; they are now being coeed as new forms of medicines to
alter the solubility, dissolution rate, bioavailiilyi or other properties of pharmaceutical
drugs®? Cocrystals can be made from two molecules of dmps or size that have
complementary hydrogen bond functionalities. Thgstal structures of cocrystals are
different from the pure components and cocrystdteno exhibit different sets of
hydrogen bonding patterns and supramolecular systidNVe are exploring the design
of cocrystals due to their applications in pharnuical formulations and also because
we use them as starting points to create supramatesolid solution$®

5.4MOLECULAR SOLID SOLUTIONS

Solid solutions and cocrystals are similar in tiwgty are crystalline and have the overall
three-dimensional periodicity, but they differ froeach other in several ways. The
components within the solid solutions are in noigstiometric ratios, they are distributed
randomly throughout the crystal, and they must beimilar size and shape in order to
form anorganic alloy (Figure 5.1c). Thermodynamically, solid solutions can be easier t
form due to entropic gain achieved from the freedofrmonstoichiometric ratios and

random distribution of components. They are akimgtallic alloys in that the different

components can be added in diverse ratios to aetdéferent properties. The major

limitation of molecular solid solutions is that f@ifent components must be of similar
size and shape, and given the complicated threesgiional structures of most organic
and pharmaceutical molecules it is difficult tonti&/ and synthesize the analogues of
target molecules.

5.5SUPRAMOLECULAR SOLID SOLUTIONS

Molecular solid solutions are made of two or mor@eunules that are of the same shape
and size. Supramolecular solid solutions are mddeve or more supermolecules or
molecular assemblies that have the same shapeizndrgure 5.2 shows our strategy
for forming supramolecular solid solutions. We legith a trimolecular motif wherein a
central target molecule (A) is connected to twoipgesral molecules (B or C) through
similar intermolecular interactions. If the two jpdreral molecules are identical, binary
cocrystals AB or AC, are formed. If they are different, a ternary cetay BAC or
ternary solid solutions A(f€,.,)> (0 <n < 1) can be formed depending on the size and
shape similarities of these peripheral moleculafdidg another isosteric component (D)
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Figure 5.2 (a andb) Binary cocrystals AB and AG. Note that B and C have similar
shapes and sizes. In these diagrams, &l AG adopt different crystal structure) (
Ternary solid solution made of A, B and C. In tHiagram, the solid solution adopts the
structure of AB; it can as well adopt ACor some other structure. The trimolecular
assemblies incf may have BAB, CAC or BAC configurations. The alecomposition of

the ternary solid solution is f8+C),,. (d) Quaternary solid solution made of A, B, C and
D, with an overall composition £B+C+D),,.

leads to a quaternary solid solution. We have asé&idimolecular motif to illustrate the
concept; a bimolecular motif or any higher ordertimoan be used with the same
effectiveness to prepare alloys.

Because this strategy does not require the anatogfi¢arget molecule, it allows the
preparation of solid solutions of any potentiab&trmolecule by adding complementary
molecules of same size and shape. These complemmantalecules can be selected
depending on the function one is after. This suplaoular strategy makes it easy to
prepare truly multi-component solid solutions thaintain multiple (>3) different
components. In this chapter, we will show the galitgr of our approach using four
different target molecules and two different supsbeoular synthons.

5.6 SUPRAMOLECULAR SYNTHONS

When designing cocrystals or solid solutions itirigportant to consider all possible
intermolecular interactions such as hydrogen bondst stacking, GH---X (X =N, O, F
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or 7) interactionsand halogen bonds. Hydrogen bonds between N artdrGsare easier
to incorporate into a multicomponent solid owingthe preponderance of functional
groups containing these heteroatom and differentexidities and basicities of donor
and acceptor molecules. Hydrogen bonds can existnage point, two-point or multi-
point recognition motifs. In this context supranmilar synthons are defined as
“structural units within supermolecules which canformed and/or assembled by known
or conceivable synthetic operations involving imetecular interactions® Figure 5.3
shows some selected hydrogen bonded supramolesyuitrons that we have used in our
group in the preparation of multicomponent solids.

O—H---- 4
O—HeN 0_H____N/ < e— O—H-N — >=
/ —< \ “o----H-K R ARLLELN
s e
H -—-H-N
H
(@) (b) (c) (d) (e)

Figure 5.3 Some supramolecular synthons studied in this waitkhe synthons are based
on interactions between unlike functional groupsse are also termed heterosynthéak.
Hydroxy-aza synthon(b) Acid-pyridyl synthon; usually associated with aratary
C-H[ID interaction.(c) Acid-amide synthon(d) Acid-aminopyridyl synthon(e) A three
point synthon based on N-H---N and N-H---O hydrbgels.

5.7DABCO AND 4-X-PHENOLS

We use the trimolecular template in Figure 5.2 badin with the preparation of binary
cocrystals and ternary, quaternary and quinarydseblutions formed by [2,2,2]-
diazabicyclooctane (DABCO) andXphenols X = ClI, CH;, Br, 1). We use DABCO as
the central molecule and Xphenols as the peripheral molecules (Figure F=4ch
phenol molecule donates one hydrogen bond and a @MABnolecule accepts two
hydrogen bonds. Together they form a stoichiomdtimary cocrystal (twodifferent
components) with a repeat unit that contains tloe@mponents and sustained by two
O-H--N hydrogen bonds.

The chloro, methyl, bromo and iodo substituents4of-phenols have similar shapes,
comparable sizes (20, 24, 28, 33)?Aand do not interfere with the O—HN hydrogen
bonding required for the trimolecular assembly. ¥demised that the size, shape, and
chemical similarity of these A-phenols will enable the formation of solid soluiso
when DABCO is crystallized with two, three or fodifferent phenols. We call these
crystalline materialssupramolecular solid solutions because their repeat unit is a
trimolecular assembly.
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CICI
MeMe
BrBr
I1

CIlMe
CIBr
MeBr
CiI
Mel
Brl

CiMeBr
CiMel
CiBrI
MeBrlI

CIMeBrlI :

\©\0—H----N6\N----H—o\©\x

X =Cl

X = CH,3 binary

X = Br cocrystals
X=1I

X=nCl+ (1-n)CH; O0<n<1

X=nCl+ (1-n)Br O0<n<l1

X =nCH; + (1-n)Br 0<n<1 ternary

X =nCl + (1-n)I O<n<1 solid solutions
X=nCH;+ (1-n)I 0<n<1

X = nBr + (1-n)I O<n<1

X = ¥Cl + ¥3CH;5 + ¥3Br

X = ¥Cl + ¥3CH; + 1 quaternary
X = ¥3Cl + ¥3Br + ¥3Br solid solution
X = ¥3CH;3 +¥3Br + Y31

X = ViCl + VaCH, + VaBr + a1 __ nary

solid solution

Figure 5.4 Molecular structures and nomenclature of cocrgsaad solid solutions based
on DABCO and 4-X-phenols.

5.8CRYSTAL STRUCTURES OF BINARY COCRYSTALS

Single crystals of binary cocrystals and ternamyatgrnary and quinary solid solutions

(having appropriate quantities of phenols and DABGQitable for X-ray diffraction

were grown from benzene solutions (Table 5.1, Eidub). Our initial work focused only
on the 4-chloro-, 4-methyl- and 4-bromophenols heeaof their size similarity and the
knowledge that chloro-methyl and chloro-bromo exajes have been attempted before.
After successfully preparing the multicomponentidolbased on these phenols, we
extended our work to the 4-iodophenol. Table 5\viegithe unit cell data for a total of
fifteen multicomponent solids, four cocrystals adven solid solutions, made from all

possible binary, ternary, quaternary and quinargnlmoations of DABCO and %-

phenols.
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Cicl CiMe
MeMe CIBr

BrBr

Figure 5.5Hydrogen bonded trimolecular assemblies in biragrystals (left) and ternary
solid solutions (right).

Table 5.1Unit cell data for binary cocrystals and ternamyaternary and quinary solid
solutions. Space groups are given in the coluspgr. Full crystal structures are
determined for all the binary and ternary cocrgstébr higher order solid solutions
only unit cells are determined.

Name spgr  a(d)  bA cA  pe) VA
CICl C2lc  17.987 9256 11.241 101.85 18317
MeMe C2/c 18351  9.179 11254 102.73 18490
BrBr P2/n  6.456 18577 15914  91.05 1908.2
Il P2/n 6518 19.139 16.229  91.04 20243
CIMe C2/c 18178 9202 11260 102.36 18399
CIBr P2J/c 18231  9.165 11.354  94.88  1890.2
MeBr P2J/n  6.443 18559 15884  91.36 1898.7
Cll P2/n 6484 18694 15953  91.15 1933.2
Mel P2/n  6.459 18882 16017  90.86 1953.1
Brl P2/n 6485 18.868 16.031  90.06 19615
CIMeBr  P2/n  6.443 18442 15778 9159  1874.0
CIMel P2/n  6.463 18605 15819 9156 19014
CIBrl  P2/n 6479 18.640 15941  90.94 1924.2
MeBrl  P2/n  6.466 18749 15976  90.91 1936.6
CIMeBrl  P2/n  6.467 18567 15869  91.34 1904.7

The binary cocrystal€ICl andMeMe are isostructural; Figures 5.6a and 5.6b show the
structures ofCICI and MeMe. The unit cell ofMeMe is larger tharCICI in accordance
with the larger size of the methyl groups (Tablk) 5As expected, DABCO binds to two



SUPRAMOLECULAR SOLID SOLUTIONS— MULTICOMPONENT ORGANIC ALLOYS 93

phenol molecules through O-HN hydrogen bonds (Figure 5.5). This trimolecular
assembly is situated on a two-fold axis; that lig two phenols are symmetry related.
The packing of these assemblies in three-dimens®geverned by C-HO, C-H-- 1
and van der Waals (vdW) interactions.

In the crystal structure &rBr (Figure 5.6¢) the hydrogen bonded trimoleculaeadsy

is located on a general position; that is, the phenols are not related by symmetry.
Within the crystal, these assemblies are extendéal interconnected chains through
type-l and type-Il Br-Br interactions? It is likely thatBrBr crystallizes in a structure
different thanCICl andMeMe in order to accommodate these interactions. Degp#
marked differences in their structures, the trirnalar assemblies in all the cocrystals
adopt similar conformations (Figure 5.7). Notingsthimilarity and the similarities in the
molecular structures of phenols, we attempted tiepgration of ternary solid solutions
of CIMe, CIBr andMeBr (Figure 5.4).

Figure 5.6 Crystal structures ogj CICI and b) MeMe (c) BrBr. In (c) dashed lines show
the O—H-N hydrogen bonds and BBr contacts. Note that the overall structures @f th
CICI/MeMe andBrBr cocrystals are different.
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Figure 5.7 Overlay of trimolecular assemblies in binary catays.
5.9 CONTINUOUS SERIES OF TERNARY SOLID SOLUTIONS

We crystallizedCIMe, CIBr andMeBr series of solid solutions with varying proportions
of corresponding phenols and characterized thengysdwder X-ray diffraction analysis
(Figure 5.8f* and IR and'H-NMR spectroscopy. We also determined the crystal
structures of the ternary solid solutions contajidABCO and the respective phenols in
1:1:1 proportion (Table 5.1, 50X-50Y in Figure 5.8 these structures, the
exchangeable groups (Cl, gHBr) show ~50% occupancy on both phenols (Figusg. 5

The 50CI-50Me ternary solid solution is isostruatuo CICI and MeMe (Figure 5.9);
the volume of its unit cell lies between the volenaf unit cells ofCICI and MeMe
(Table 5.1). Powder X-ray analysis of tG&Me series (from 90CI-10Me to 10CI-90Me)
shows a gradual change of the structure fiGl@l to MeMe. The 50CI-50Br solid
solution adopts the crystal structure @CI, albeit with decreased symmeti@2fc —
P2,/c; Table 5.1; Figure 5.9). Yet the volume of itsitucell is close to that oBrBr
indicating the presence of bromine in the crystak CIBr series of solid solutions adopt
the CICI structure up to 40CI-60Br; from 30CI-70Br to 1080IBr they adopt th&rBr
structure (Figure 5.8). In contrast @Br, the 50Me-50Br solid solution adopts the
structure ofBrBr. MeBr solid solutions adopeMe structure only upto 90Me-10Br.
From 80Me-20Br to 10Me-90Br they adopt the struetiBrBr .

The Br-atom is larger than Cl-atom and L£gtoup; it also participates in polarization
induced attractive BrBr interactions. Given these two facts, one wouipeet thatCIBr
and MeBr would adopt the structure &rBr to accommodate the larger Br atoms and
attractive Br-Br interactions. It is therefore surprising tl@Br adopts the structure of
CICI and notBrBr . The Cl-atom irCICI forms 5 contacts to non H-atoms at vdw+0.2 A
separation, and 7 contacts at vdw+0.3 A separatfo6IBr were to adopt th&rBr
structure, the Cl-atom would form no contacts eaethe separation of vdw+0.3 A. In
contrast, the vdW contacts made by the; @kbup do not change significantly between
MeMe or MeBr structure. It is possible th&lBr adopts theCICl structure because in
this structure the Cl-atoms are involved in inteleoalar contacts that are of stabilizing
nature.
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0CI-100Me
10CI-90Me
20CI-80Me
30CI-70Me
40CI-60Me
50CI-50Me
60CI-40Me
70CI-30Me
80CI-20Me
90CI-10Me
100CI-OMe

0CI-100Br
10CI-90Br
20CI-80Br
30CI-70Br
40CI-60Br
50CI-50Br
60CI-40Br
70CI-30Br
80CI-20Br
90CI-10Br
100CI-0Br

OMe-100Br
10Me-90Br
20Me-80Br
30Me-70Br
40Me-60Br
50Me-50Br
60Me-40Br
70Me-30Br
80Me-20Br
90Me-10Br
100Me-0Br
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Figure 5.8 PXRD Patterns of series @IMe, CIBr andMeBr solid solutions. We labeled
these solid solutions such that the total phenotett in them is 100%. Thus, 60CI-40Br
indicates that the ternary solid solution consit$0% chlorophenol and 40% bromo-
phenol. The corresponding binary cocrystals, eMe-A00Br and 100Me-0Br, border each
series at the top and bottom.
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.

Figure 5.9 Crystal structures of ternary solid solutions. &dtatCIMe (a) andCIBr (b)
adopt the structure @ICl/MeMe whereasvieBr (c) adopts the structure BfBr .

The X-ray diffraction methods provide useful, yietited, structural information of solid
solutions. Single crystal X-ray analysis afforde tstructure of the repeat unit as an
average of millions of such units. Consequently, aa@not distinguish which of the
following compositions the ternary solid solutioadopt: (i) binary motifs ABand AG
randomly mixed throughout the crystal; (ii) randomxture of AB,, AC,, and BAC, or
(i) ternary motifs BAC statistically disordered@r two positions such that B and C are
superposed in the average structure. We can, howaseertain from these X-ray studies
that the repeat unit is indeed a trimolecular addgrand that the solid solution as a
whole contains three different components.
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5.10SPECTROSCOPIC CHARACTERIZATION OF TERNARY SOLID SOLUTIONS

The IR spectra were recorded in ATR mode on a Rei&imer Spectrum One
spectrometer. For each measurement only one cryatataken, which was washed with
benzene and dried in air with filter papers immediaprior to the experiment. The broad
double hump seen in the region of 1600-2800" ¢sncharacteristic of O—H stretching
absorption and overtone from O-H bending respelgtiyEigure 5.10). An important
feature of these spectra is that the broad peak0860-3600 cri (corresponding to
O-H--O hydrogen bonding in pure phenols) is absent inohlthem. These spectra
conclusively show that binary cocrystals as weltermary solid solutions contain only
heteromolecular assemblies. We have also collettedH-NMR spectra of binary
cocrystals and all the ternary solid solutions. Sehapectra showed that the relative
contents of DABCO and phenols within a crystal sigld for NMR analysis are in
agreement with the expected result.

% Transmittance
% Transmittance

CICl CIMe

% Transmittance
% Transmittance

MeMe CIBr

% Transmittance
% Transmittance

BrBr MeBr

3600 3000 2400 1800 1200 600 3600 3000 2400 1800 1200 600
V(cm) viem?)

Figure 5.10IR spectra of binary cocrystals and ternary ssdillitions. Note thatlMe and
CIBr adopt the structure @ICl/MeMe whereasMeBr adopts the structure BirBr .
5.11TRENDS IN THE MELTING POINTS OF SOLID SOLUTIONS

Figure 5.11 shows the differential scanning caletim (DSC) results fron€IBr, CiMe
and MeBr series of ternary solid solutions. The meltingng®iof CIBr solid solutions
gradually decrease fror@ICI to 40CI-60Br, and then increase BsBr. Figure 5.11
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illustrates that solid solutions offer the uniquelity to modulate the physical properties
of materials in an almost continuous fashion.

20
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0 == = — CI-10-90-Br
20 4 \\\ //7/'4 CI-20-80-Br
z / — CI-30-70-Br
ﬁ 40 1 CI-40-60-Br
= — CI-50-50-Br
& 60 CI-60-40-Br
= CI-70-30-Br
S -80 1 C1-80-20-Br
€1-90-10-Br
-100 ~ — CI-100-0-Br
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125 129 133 137 141 145
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—100CI-OMe
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Figure 5.11 DSC traces ofCIBr, MeBr and CIMe solid solutions. In some instances,
melting is immediately followed by the decompositiof DABCO. In most cases, the
decomposition of DABCO takes place around 1C0

5.12QUATERNARY AND QUINARY SOLID SOLUTIONS

The utility of the supramolecular approach to tbédssolutions is exemplified by our
synthesis of the four quaternary (four-component)dssolutions and a quinary (five-
component) solid solution from DABCO and four diffat phenols. (Table 5.1). For
example, theCIMeBr solid solution is made from equimolar quantitief the

corresponding phenols and the volume of its unlit(@874 A’) is close to the average of
unit cell volumes ofCICI, MeMe andBrBr (1863 &). From the unit cell dimensions
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(Table 5.1) and powder X-ray diffraction patterRgg(re 5.17 below), it can be seen that
CIMeBr adopts the structure 8iBr .

The following figures show the characterization@MeBr by various methods (DSC,
IR, NMR and PXRD). The unit cell parameters @MeBr reported in Table 5.1 are
determined by single crystal X-ray diffraction. THe spectrum (Figure 5.12) shows that
a single crystal ofCIMeBr has only heteromolecular assemblies and ‘#ieNMR
spectrum (Figure 5.13) shows that DABCO and thigenpls are in 1.5:1:1:1 ratio. The
DSC thermogram shows th@&@MeBr has a distinct melting point that is differentrfro
the corresponding binary cocrystals or ternarydssdilutions (Figure 5.14).

% Transmittance

3600 3000 2400 1800 1200 600
v(cm?)
Figure 5.12IR spectrum ofCIMeBr showing the double hump (in the region 1600-2800
cm?) characteristic of hydrogen bonding between DAB&@ phenols.

As with IR, for'H NMR spectroscopy only one crystal (washed anddirivas used in

each experiment to avoid contamination from anysporbed materials. The peaks
corresponding to different phenols and DABCO arsigaeed using colored circles and
polygons in Figure 5.13. In binary cocrystals thare eight phenolic protons (two
distinct sets; each consisting of four protons) amelve DABCO protons. In order to aid
in the analysis of ternary solid solutions, thekgiroton content (eight) of the phenols is
integrated to be ~200 units. The twelve proton®&BCO then integrate to ~300 units.
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Figure 5.13.'H NMR spectrum ofCIMeBr solid solutioncollected on a 400Mz NMR
spectrometer in acetong-agolvent. The peak at 5.63 ppm belongs to,@H that
contaminated acetong:d
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Figure 5.14. DSC Trace ofCIMeBr solid solution(open circles) showing the melting
endotherm. DSC Traces of binary cocrystals and 50X-ternary solid solutions are
shown for comparison.

We have characterized the other three quaterndiy solutions and the quinary solid
solution CIMeBrl in a similar manner. Figure 5.15 shows fieNMR spectrum of

CIMeBrl , taken from a single crystal. The quinary solith8on and the four quaternary
solid solutions have melting points that are dddtifrom the corresponding binary
cocrystals and ternary solid solutions (Figuregtafd 5.16). It is important to recognize



SUPRAMOLECULAR SOLID SOLUTIONS— MULTICOMPONENT ORGANIC ALLOYS 101

that CIMeBr, CIMel, CIBrl, and MeBrl are four-component solid solutions and
CIMeBrl is afive-component solid solution prepared on the basistbfee-component
supramolecular assembly. These results show thaamproach to the solid solutions is
an effective method to create truly multicomponerganic alloys. Unit cell data (Table
5.1) and powder diffraction patterns (Figure 5.hdicate thatCIMeBr (and other four
component) an€IMeBrl solid solutions adopt the structureBrBr .

00 4-Chlorophenol
) © 4-Methylphenol (p-Cresol)

0 4-Bromophenol

‘j © © 4-lodophenol
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Figure 5.15'H NMR spectrum ofCIMeBrl solid solutioncollected on a 600Mz NMR
spectrometer in chloroform-d solvent.
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Figure 5.16 DSC Traces showing the comparison of the meltimdpéherms of the binary
cocrystal and ternary, quaternary and quinary saidtions containing 4-iodophenol.
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Figure 5.17 PXRD Patterns o€IMeBrl (bottom trace) four quaternary solid solutions.
PXRD Patterns oBrBr andCICI are shown for comparison. Note that all the fame
five-component solid solutions adopt the structfrBrBr .

5.13PREPARATION OF COCRYSTALS AND SOLID SOLUTIONS BY GRINDING

All the cocrystals and solid solutions describedowveb were grown by solution
crystallization through the slow evaporation ofvgnit. The advantage of this method is
that it can yield pure crystalline materials suigafor single crystal X-ray analysis; it
allows determination of crystal structures and giwaecess to the three-dimensional
coordinaties of atoms in the molecule. There aogyaver, certain limitations associated
with the preparation of multicomponent materialeotlgh solution crystallization. The
solvent or mixture of solvents should be adjustadeld on solubility of the individual
components. In addition, an undesired solvate eftéinget cocrystal can be crystallized
instead of the unsolvated product. An alternatippraach to make multicomponetnt
materials is to use the solid-state grinding metidd The main advantage of this
method is that it minimizes the solubility probleofsdisparate components. At its best,
this method does not use solvents; in the caséqoidl assisted grinding it uses only
small volumes of solvent. For this reason, the djrig method offers a green and
environment-friendly approach to the preparatiorcadrystals. A notable disadvantage
of this technique is the inability to prepare difftion quality crystalline products; that is,
crystal structures of the products obtained arallysnot determined. The mechanism of
how solid state grinding affects cocrystallizatisnnot yet clearly understodd.lt is
suggested that molecular complexes may be formedugh vapor diffusion
mechanisni® We wished to test the neat grinding method in pheparation of our
cocrystals and solid solutions from DABCO and appiie phenols. Molecular
complexes of all possible combinations of the congms are formed after 20 minutes of
solvent free grinding. The products were charanteriby IR, DSC and PXRD methods.
Figure 5.18 shows the PXRD patterns of quaternad/ guinary solid solutions which
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match well with the PXRD patterns of the correspogdproducts crystallized from
solution.

s CIMeBrI-G
£ MeBrI-G
g CIBrI-G
CIMelI-G
CIMeBr-G
5 1’0 1'5 2’0 2’5 3’0 35

26(9

Figure 5.18 PXRD Patterns of solid solutions prepared by sthfeee grinding.Note the
continuous shift of the peaks along§ @ue to the differences in unit cell volumes.

Materials that have multiple components can exlgtoperties that are different from the
individual components and often they provide accesgphenomena and properties
unavailable to single component materials. The athge of the supramolecular

approach shown in Figure 5.2 is that any targetemdé capable of forming hydrogen

bonds can in principle be complexed with a set oferules (with exchangeable groups)
to form solid solutions. The physical propertiestioése solid solutions can be finely
tuned by changing the nature and relative ratiothaf different components. This

approach should be useful to all the situationshicth binary systems are currently used,
but it may find distinctive use in pharmaceutiaairi selectiori”” 3

5.14MULTICOMPONENT SOLIDS WITH DABCO AND 3-X-PHENOLS

We wished to test the generality of our supramdéecapproach (Figure 5.2) described
above and applied it to other systems. At the begad we proceeded with a small
change at the molecular level; we replaced théphenols with 3X-phenols and kept
DABCO as the central molecule. It should be notet very rarely doneta- andpara-
substituted compounds show similarity in their stoves; though the change we have
made appears small, at a supramolecular levethi@inge can be significant.
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crcr X =Cl

Me’'Me’ X = CH;3 } binary
Br'Br’ X = Br cocrystals
I'T X=1

ClI'Me’ X=nCl+ (1-n)CH; O0<n<1

CI'Br’ X=nCl+ (1-n)Br 0O0<n<1

Me’'Br’ X=nCH; + (1-n)Br 0<n<1 ternary
cr'r X = nCl + (1-n)I O0<n<1 solid solutions
Me'l’ X=nCH;+ (1-n)I 0<n<1

Br'I’ X = nBr + (1-n)I O<n<l1

CI'Me’Br’  : X =15Cl + ¥CH; + ¥3Br

CI'Me'l’ i X = 1Cl + ¥3CH; + 151 quaternary
CI'Br'r’ i X =1Cl + ¥Br + ¥3Br solid solution
Me’Br'l’ i X =1¥CH; +%Br + 51

quinary

CI'Me’'Br'l’ : X = ¥Cl + %CH; + ¥aBr + val - _ o' 0 b

Figure 5.19Molecular structures and nomenclature of cocrgsaald solid solutions based
on DABCO and 3X-phenols.

We have made all the fifteen possible multicomporsafids, four binary cocrystals and
eleven three- to five-component solid solutionsngiDABCO and 3X-phenols (Figure
5.19). We label these materials in the forn@tCI' (with a prime next to the
exchangeable group) to distinguish them from maitiponent solids made from
DABCO and 4X-phenols. We determined the crystal structuredidha cocrystals and
most of the solid solutions (Table 5.2). Unlike ttre DABCO:4X-phenols, the four
cocrystals made from DABCO andX3phenols adopt four different crystal structures as
suggested by their unit cell parameters given il &.2. Nevertheless, all the cocrystals
contain the expected trimolecular assembly in wid&BCO and phenol molecules are
joined by G-HIIN hydrogen bonds. While the trimolecular assemiily @n a two-fold
axis inCI'Cl', in Me'Me', Br'Br' , andI'l' the trimolecular repeat units are situated in
general positions. In addition, one of the two peledent phenol moleculesife'Me' is
disordered over two positions. Crystal structurésghese four cocrystals are given in
Figures 5.20 to 5.23.
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Table 5.2 Unit cell data for binary cocrystals and ternaand quaternary solid
solutions made from DABCO and>3phenols. Space groups are given in the column

Spyr.
Name sogr a(d) bA) cA a()  BO)  y() VA
clcr C2/c  17.470 9.357 11.133 90 104.50 90 1761.84

Me'Me' P-1 6.543 12518 12.652 115.39 103.20 91.30 902.86
Br'Br' P2,/c  13.679 9.410 15.722 90 112.62 90 1867.97
I Pbcn  21.637 9.658 18.655 90 90.00 90 3898.16
CI'Me' P2/c 13.180 9.397 15.914 90 111.85 90 1829.45
cI'Br' P2,/c  15.662 9.332 13.414 90 112.21 90 1815.04
Me'Br' P2,/c  15.857 9.364 13.560 90 112.19 90 1864.17
CI'l P2,/c  15.798 9.364 13.594 90 111.87 90 1866.28
Br'l' P2,/c  14.030 9522 15.943 90 112.56 90 1966.97
Cl'Me'Br' P2,/c  13.496 9.407 15.775 90 112.09 90 1855.60
ClI'Me'l P2,/c 13.691 9.420 15.872 90 111.94 90 1898.84
CI'Br'l' P2,/c  13.690 9.443 15.787 90 112.15 90 1890.21
Me'Br'l' P2,/c 13.806 9.410 15.825 90 111.97 90 1906.72

Figure 5.20Crystal structure o€I'Cl' . Notice the similarity between this structure el
structures oCIClI andMeMe belonging to 4X-phenols (Figure 5.6).

»ﬁﬁf’ﬁﬁ&ﬁ

E«ﬁ ﬁ%@%

Figure 5.21Crystal structure dfie’'Me'. One of the twan-cresol molecules are disordered
over two positions; only one position is shown heZentrast this structure with that of
CI'Cl' (Figure 5.20).
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Figure 5.22Crystal structure dBr'Br' . Contrast this structure with those@fCI' (Figure
5.20) andMe'Me' (Figure 5.21).

Figure 5.23 Crystal structure ofl' . Contrast this structure with the structures dfeot
three congeners (Figures 5.20-5.22).

The crystal structure @I'Cl', the smallest of the foX'X' cocrystals, is isostructural to
those of CICI and MeMe. The other three cocrystals adopt different stmas to
accommodate intermolecular interactions specifictite corresponding exchangeable
group. InMe'Me' the disordered phenol rings are situated atopDIABCO molecule
such that short €H[r contacts can be formed with the phenol actinghesG-HIIlir
acceptor and DABCO acting as the donor. ShofffiBinteractions are found iBr'Br' ;
one of the two symmetry independent 3-bromopherakaules is connected to another
symmetry related molecule through short contaciveeh the Br-atom and center-point
of a C=C in the ringdg;m: 3.35A and @ _gm: 174.2). Charge transfer interactions
between halogen atom and aromatic ring are wellkknahe larger the halogen atom, the
greater the polarizability, and greater is the ifitgbof the interaction. The second
symmetry independent phenol moleculeBriBr' forms a GHID hydrogen bonded
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dimer with an inversion related moleculécfp: 3.34A, dym: 2.47A, and Gy
149.2). InI'l' the I-atom of one phenol molecule is connectedéoltatom on another
phenol molecule (that is not related by symmettyy separation of 3.69A.

While the overall crystal structures are a restildelicate interplay between various
intermolecular interactions in the solid state andditions under which the crystals are
grown, the differences between these four cocrystaém to originate from the different
steric &ize) and chemicalroncovalent bonding) requirements of the groups CI, Me, Br
and I. These findings are of concern because oaf gothis work is to prepare to
supramolecular solid solutions that contain varicmmbinations of these phenols. One of
the three requirements for forming molecular sol&blutions, postulated by
Kitaigorodskii, is that two components should haimilar crystal structures. The other
two requirements are the similarity in size andilgirity in shape of the components. Our
concern is alleviated to some extent by the observéhat the trimolecular assemblies in
four cocrystals exhibit similar conformations (Figib.24).

Figure 5.24Qverlay of trimolecular assembliesXX' binary cocrystals.

It is instructive to ask the question, why &X' crystals show so much structural
diversity compared toXX crystals? The answer has two important interrdlate
components. The conformational freedom of the themalar assembly coupled with the
placement of X group at theeta position can lead to different starting geometiies
solution. These different geometries can be seeheroverlay diagram shown in Figure
5.24. When the X groups are at tbara position, the rotation of phenols around the
O-HIN hydrogen bonds does not leadcts-trans type of geometries. In other words,
the hydrogen bonded assemblieXi complexes have fewer starting geometries than in
in X'X' systems. These observations suggest that cryssigrd with conformationally
flexible molecules orsupermolecules has lower predictability than their rigid counter
parts. In the case of supermolecules, one way tonmize this problem is to use multi-
point hydrogen bonding synthons between the compenén the present design, we use
a single point synthon, €HIIN hydrogen bond, as a design element. We show in
Chapter 6 that use of a two-point synthon givesitgrepredictability over local geometry
and minimizes complications in the outcomes of tatydesign.

The high overlay coefficient between hydrogen bahdssemblies of differenK’X'
cocrystals encouraged us to attempt the preparaifosolid solutions using these
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materials. Indeed, mixing of DABCO and differenX3shenols in appropriate ratios in
solution followed by evaporation vyielded single stats of the respective
multicomponent solid solutions. We determined thestal structures of most of the
ternary solid solutions and unit cell parametersgiaaternary and quinary solid solutions
(Table 5.2). Figure 5.25 shows the trimolecularespunits inCI'CI' and Br'Br'
cocrystals and the 50:50 ternary solid solut@Br' . This representative example shows
that it is indeed possible to make solid solutimfsX'X' cocrystals even though
individually they adopt very different structuré@ne of the implicit advantages of the
supramolecular solid solutions is that the repedtis a supermolecule thatlarger than
the molecules. Thus, within these supermoleculeskiange we make (e.g., replacing Cl
with Br) is relatively smaller and the overall sianity coefficient between the repeat
units is higher, which allows them to form solidugmns.

Figure 5.25 Trimolecular assemblies i@I'ClI' and Br'Br' cocrystals andCI'Br' solid
solution. Note that two chlorophenol moleculeCitCI' are related by a two-fold axis; in
Br'Br' the phenol molecules are symmetry independent.ClfBe’ solid solution adopts
the structure oBr'Br' cocrystal.
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Figure 5.26 PXRD Patterns oCI'Me' series of solid solutions. We labeled these solid

solutions such that the total phenol content inrthie 100%. Thus, 60CI'-40Me' indicates
that the ternary solid solution consists of 60%h®mphenol and 40%-cresol.

20 —— 100Me’-0Br
01 e _ —— 90Me'-10Br'
7 e 80Me'-20Br'
- 201 X 70Me’-30Br'
& 40 —— 60Me’-40Br'
o . .
p —— 50Me'-508r
$ 601 —— 40Me'-60Br'
T —— 30Me'-70Br'
8 801 \ 20Me'-80Br'
-100 1 / 10Me'-90Br'
OMe'-100Br'

-120 . . . . . .
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Figure 5.27 DSC traces ofI'Me' series of solid solutions. Notice the gradual ¢jfeam
the melting points.

Following our success in the preparation of terreolyd solutions and the other higher
order solutions containing equimolar quantities 3¥X-phenols, we prepared the
continuous serie€l'Me', CI'Br' andMe'Br' solid solutions. In each series, we prepared
a total of nine solid solutions and characterizezht with IR and NMR spectroscopy and
PXRD analysis. Figure 5.26 shows the diffractiorttgras of CI'Me' series as a
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representative example. Again, the structures dmypdtansition from one cocrystal
(CI'CI') to another Me'Me'). As with theXY series, theX'Y' series of solid solutions
also showed a continuous change in their physiocgpeyties. The melting endotherms
determined by DSC showed gradual transition in rifedting points of different solid
solutions. Figure 5.27 shows the DSC thermogramdelBr' series as a representative
example.

5.15MULTICOMPONENT SOLIDS WITH 4,4'-BIPYRIDYL AND 4- AND 3-X-PHENOLS

To further examine the efficacy of our approach, began the preparation of solid
solutions that contained a new target central nubdegvhile preserving the peripheral
phenol molecules. The central molecule we chosé¢hisrpurpose is 4,4'-bipyridyBP),

an aromatic diaza compound that is, like DABCO,atd@ of forming two hydrogen
bonds with phenolic donors. The N-atoms are lesicha BP than they are in DABCO
and the backbone is aromatic. While the lower ligsican decrease the potency of
cocrystallization, the aromatic rings BP can lead to well-developed and more ordered
crystals. Our work in these systems is in earlgesaand in this chapter we limit our
discussion to some binary cocrystals and ternalig smlutions. We expect that this
system will also yield higher order solid solutignst the way DABCO complexes did.
Table 5.3 shows the unit cell data on some of thdticomponent solids we have
crystallized so far. This data shows tiR-X seriesBP-X' series of cocrystals adopt
different structures; within each series howeveffedént cocrystals adopt similar
structures. We have shown the repeat units of soithe crystal structures in Figure
5.28.

Table 5.3Unit cell data for binary cocrystals and ternasjicssolutions made from BP
and 3X- and 4X-phenols. Space groups are given in the colgoan.

Name spgr a(®) b@A) c@A BC) VA
BP-BrBr P2J/c 11.710 9.959 18.703 107.25 2083.0
BP-II  P2/c 19.369 9.612 19.327 110.78 3364.4
BP-Brl P2/c 19.091 9.567 19.411 112.00 3287.0

BP-CICI'" P2j/c 7.379 17.749 7.709 99.52 995.8
BP-Br'Br' P2;/c 7.550 17.502 7.811 100.51 1014.8
BP-I' I' P2,/c 8.061 16.140 8.585 104.42 1081.8
BP-CI'Br' P2,/c 7.466 17.639 7.755 99.99 1005.7
BP-Me'Br'  P2,/c 7.577 17436 7.868 100.62 1021.7
BP-CI'I P2,/c 7.748 17.050 8.094 101.89 1046.3
BP-Br'l' P2,/c 7.834 16.826 8.204 102.50 1055.8
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Figure 5.28 Trimolecular assemblies in some of the cocrysdald solid solutions formed
by BP and 3X- and 4X-phenols.

5.16MULTICOMPONENT SOLIDS WITH HYDROXY MIAMINO RECOGNITION

The organic alloys we described so far have ussidge point hydrogen bond between
hydroxy and aza groups. Once the hydrogen bond$oameed between a central diaza
molecule and two peripheral phenol molecules, theembly becomes ‘saturated’ and
does not form further hydrogen bonds. In other wptHe supramolecular repeat unit in
these complexes is discrete trimolecular assembly. We wished to further test t
generality of our approach by applying it to compadsi that can form extended hydrogen
bonded arrays upon cocrystallization.

Hydroxy and amine groups are common functional gsoim organic chemistry and for
the most part they have been used in crystal eadimg as hydrogen borgbnors with
other acceptors such as pyridyl N-atom or carbonyl Qrattn the early 1990s it has
been explicitly recognized that (a) the hydroxyugrdas two lone pairs and one H-atom
and amine group has two H-atoms and one lone paure 5.29a) and (b) these two
groups are complementary in terms of their hydrdgemding capabilitied’*? If the two
groups are present in 1:1 stoichiometry in a ctystch group would form a total of four
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bonds, one covalent and three noncovalent. Theolydgroup donates one hydrogen
bond and accepts two, and the amine group donatearnd accepts one hydrogen bond.
Each heteroatom then adopts a tetrahedral geonwbioh allows us to deduce possible
supramolecular structuréy. HydroxyllAmino recognition refers to the noncovalent
bonding of these two groups such that each grosptisated with respect to hydrogen
bonding and adopts a tetrahedral geom@&tlyis possible that other factors can influence
the bonding between hydroxy and amine groups arevept them from forming
hydroxylAmino recognitiort?
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Figure 5.29 (a) Hydrogen bond complementarity of hydroxy and amgneups showing

the lone pairs and H-atomés-d) Some superstructures resulting from hydf@&gnino
recognition. See text for details.

Figure 5.29 shows some of the possible superstegtthat can be built from
hydroxyllamino recognition. These structures range fromretiscclusters such as the
cubic arrangement (Figure 5.29b), one-dimensiayzd such as adjoined squares across
opposite edges (Figure 5.29c) or two-dimensionaeth such as adjoined hexagons
(Figure 5.29d) across all edges (honeycomb strectuthe hexagon is planar and
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wurtzite structure if the hexagon adopts a chaif@anation)® There are other possible
superstructures that can result from hydf@&gnino recognition.

In order to apply the hydrof§Amino recognition to our approach of supramolecular
solid solutions, we have selected hydroquinone (H®)central molecule angara-
substituted anilines (X-anilines) as the peripheral molecules. A distevantage with
this system is that we can choose 1,4-diaminobengehneneylenediamine, PD) as the
central molecule angara-substituted phenols (4-phenols) as the peripheral molecules.
When taken together, the H@x4aniline complexes and PDX-phenol complexes can
be isostructural and provide us with yet anothey wiincorporating multiple molecules
into a single crystalline solid solution. To datee have been able to crystallize all the
four possible cocrystals and ternary solid soligiohHQ:4X-aniline complexes and two
cocrystals of the PD:-X-phenol complexes (Table 5.4)

Table 5.4Unit cell data for binary cocrystals and ternasjidssolutions made from HQ
and 4X-anilines and binary cocrystals made from PD ariphenols. Space groups
are given in the columspgr.

Name spor a(d)  b@A) cA  a()  BO)  yO) VA
HQ-CICI P2;/c 10.674 6.152 13.405 90 97.57 90 872.60
HQ-MeMe P-1 6.013 8.527 17.815 86.40 84.87 89.88 908.00
HQ-BrBr P2:/n 4522 9.063 22.172 90 93.49 90 907.03
HQ-II P2;/c 10.873 4.930 18.108 90 93.24 90 969.21
HQ-CIBr P2:/n 4.569 9.003 21.791 90 92.94 90 895.27
HQ-CII P2;/c 10.661 4.868 17.958 90 94.21 90 929.47

PD-BrBr P2/c 10.637 4.829 18.159 90 95.60 90 928.19
PD-l  P2/c 10.616 5.376 16.479 90 92.19 90 939.67

We crystallized the multicomponent solids in Tablé using combinations of solutions
that included ethanol, methanol, ether and benZEme .anilines tended to decompose in
solutions due to exposure to light and air and dezdly posed problems in preparing
good quality crystals. Crystallizations in dark amdler relatively dry environments gave
purer crystalline products. We characterized tharystals and solid solutions by IR and
NMR spectroscopy, PXRD and DSC as well as singlstal diffraction analysis.
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Figure 5.30 Crystal structure oHQ-BrBr showing(a-b) hydroxyI&mino recognition in
Figure 5.29c anéc) interlayer packing.

Figure 5.31 Crystal structure oHQ-II showing (a-b) hydroxyIl&mino recognition in
Figure 5.29c andc) interlayer packing. Notice the difference in mellee orientations
compared taHQ-BrBr .
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Figure 5.32 Crystal structure oHQ-CICI showing(a-b) hydroxyllAmino recognition in
Figure 5.29c that is disrupted at one N-H group @héhterlayer packing.

Figure 5.33 Crystal structure ofHQ-MeMe showing a disruptechydroxyll&mino
recognition pattern. Note that one of the two N-dups and a C-H from methyl group
form N-H[lirand C-HIErinteractions (not drawn on image) with adjacehtittne rings.

Figures 5.30a and 5.30b show the hydrogen bondimgnd hydroxy and amine groups
in HQ-BrBr . Each of the heteroatom is involved in three hgdrobonds and adopts
tetrahedral geometry. The overall superstructureh& of adjoined squares, a one-
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dimensional pattern, shown in Figure 5.29c. Each i@ecule is involved in such
superstructure at both hydroxy groups leading adimeensional layer structure (Figure
5.30c). Bromoaniline molecules project outward frtms layer at each corner of the
square and lead to an interdigitated packing ofessgive layers. Crystals BiQ-1I adopt

a very similar structure (Figure 5.31) with hydr@&mino recognition in Figure 5.29c
and an interdigitated layered packing.

ThoughHQ-CICI adopts a similar overall structure (Figure 5.3&ajpes not exhibit full
hydroxyllamino recognition (Figures 5.32a and 5.32b). Is #tiucture, one of the N-H
groups does not form-NHIID hydrogen bond; instead it forms ari\Iizbond with the
neighboring HQ molecule. ThélQ-MeMe cocrystal adopts a completely different
structure (Figure 5.33) with broken hydrd@mino recognition. In this structure also,
one of the two N-H groups is involved in-N[Irbond; this time, however, the bond is
donated to the aromatic ring of a neighboring aailinolecule.

HQ-CIBr

HQ-CII

Figure 5.34Crystal structures diQ-CIBr andHQ-CIlI showing portions of a single layer.
Note thatHQ-CIBr is isostructural tatHQ-BrBr (Figure 5.30) antHQ-ClI is isostructural
to HQ-Il (Figure 5.31).

Despite the differences in these structures, diffebinary cocrystals can be combined
together to formternary solid solutions. Todate, we have been able to olddfraction
quality crystals of two ternary solid solutions.y&tals ofHQ-CIBr are isostructural to
HQ-BrBr and crystals oHQ-CIl are isostructural tdHQ-Il (Figure 5.34). Further
characterization with DSC showed that the solidutmhs have distinct melting
endotherms compared to the individual cocrystalphysical mixtures of corresponding
cocrystals.
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Figure 5.35 Crystal structure oPD-BrBr showing(a-b) hydroxyllAmino recognition in
Figure 5.29c anéc) interlayer packing. Note that this structure igikir toHQ-II .

Figure 5.36Crystal structure d®D-Il showing the interlayer packing.

After successfully preparing the HQ based cocrgstale wished to test if PD based
cocrystals can be formed with Xphenols, and if such cocrystals exhibited any
relationship with the corresponding HQ cocrystalable 5.4 shows that the two
cocrystalsPD-BrBr andPD-IlI indeed show similarities tBlQ-Il at the unit cell level.
Full structural determination showed tHaD-BrBr is isostructural wittHQ-II (Figure
5.35) andPD-Il has the same overall structure (Figure 5.36H@sll but with some
variations in the parameters of hydr@@mino recognition. These structures show some
of the diversity seen in compounds containing &iioimetric amounts of hydroxy and
amine groups. They also illustrate the power ofraoqlecular solid solutions to create

multicomponent solids using different types of supolecular synthons and target
materials.
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5.17SUMMARY AND CONCLUSION

We have developed a supramolecular approach fopieearation of multicomponent
organic alloys? This approach involves the (a) preparation of mar assemblies in
solution from a target molecule and a set of othelecules that have the same size and
shape and (b) crystallization of all the componémits a single crystalline solid. We call
the obtained products supramolecular solid solstibecause the repeat unit in these
alloys is a molecular assembly (Figure 5.2).

We have successfully prepared six different senésmulticomponent solids; they
included four different target molecules and twéfedent supramolecular synthons. We
showed that solid solutions can be made from céaisyshat adopt different structures
independently. Often in a continuous series ofdssdilutions the structure changes from
one cocrystal type to the other.

The approach we developed for multicomponent sadidgeneric; it is applicable to any
target molecule capable of forming hydrogen bondingther specific intermolecular
interactions. Cocrystals are extensively used ie threparation of photographic,
magnetic, optical, liquid crystalline and pharmaims materials. We believe extension
of our concept to these research areas will leagkete and unforeseen discoveries and
materials with improved properties. In the pharnugical realm, for example, the ability
to continuously tune physical properties is ramkplored. In addition, we believe that
supramolecular solid solutions offer a way to prepaocrystals that are otherwise
unyielding by methods such as seeding or additiés.envisage several applications of
our approach that include pharmaceutical alloysh Viiihe-tunable properties, crystals
with reduced symmetry (for nonlinear optics), oligssemiconductors and templates for
solid state photochemistry.
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6.1INTRODUCTION

6.1.1 Background.The scope of this thesis chapter is distinct fiomvious chapters.
The work described here has multilevel goals. Ttital goal of this work is to make
octupolar nonlinear optical (NLO) materials basedtrigonal metal-carboxylate (TMC)
clusters. Because we use manganese as the metésspe these TMCs and because
extended frameworks based on the TMCs can potlnitiale defined cavities within the
crystals, this project has other attendant goalthéncreation of magnetic and porous
materials. Materials with NLO characteristics dre basis for the modulation and routing
functions of current optoelectronic and futureaplical devices.These devices are used
in a range of industries, but most notably in tefemunications and optical data
processing. Currently, widely used NLO materials morganic solids, such as LiNpO
(lithium niobate), LiBOs (lithium borate) and KKPO, (potassium dihydrogen-
phosphate). Purely inorganic solids such as th#smjgh robust and efficient, are
difficult to modify and not amenable to create impgd optical materials.

6.1.2 Dipolar Organic Materials. Studies in the past three decades have shown that
organic molecules with “doneconjugated-bridgeacceptor” (B-77A) geometry possess
attractive NLO propertieSNonlinear optical materials based on thegmlar molecules
display ultrafast response time and better protégtgacompared to traditional inorganic
solids. Organic dipolar molecules can be modifiedinprove NLO properties by
increasing the length of theelectron bridge and the strength of the donor @rwkptor
groups. Despite this control, A structures have some defects. One of these ddfect
that dipole-dipole interactions result in anti-gla (centrosymmetric) molecular
arrangement, which causes cancellation of NLO #ytim the solid stateTo overcome
the dipolar intermolecular interactions various gghes have been explored. In one
approach, the poled polymer technique, a polyméh wovalently attached dipoles is
heated close to its glass-transition temperatudettaen cooled to room temperature while
a strong electric field is appliddunder the influence of the field, the dipolar nmlkes
are forced to arrange in acentric fashion. The temk of this method is that molecules
relax, with time, back into anti-parallel orientats.

@ acceptor group
. donor group

dipole octupole

Figure 6.1 Schematic representation of dipole and octupole.

6.1.3 Octupolar SymmetriesTo overcome the intrinsic limitations of dipolgregies, a
new non-dipolar model has been proposed for thatiore of NLO materials (Figure
6.1)2 This model introduced species that have come tnben asoctupolarmolecules.
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Octupolar symmetry has several advantages. It remthe ground state dipole moment
in the molecules, which can promote assembliesr dktzan anti-parallel centrosymmetric
packing. Another major advantage of octupolesas they are three-dimensional, that is,
their hyperpolarizabilities £s), can be much larger than the one-dimensionabldr
species. In addition, thg of octupoles can be continuously increased wittreasing
conjugation while that of dipolar structures in@es to a maximum value and then
decreases with extended conjugation. Yet anothearadge of octupoles is that they can
be expressed in different symmetries (Figure 623t is, a number of routes can be
explored for making new and improved NLO materfals.

(&
R,
.
b a c d

Figure 6.2 Various symmetries of octupolar systenta) Cube octupole with eight
alternated charges at the cornéby. Tetrahedral octupoles generated by projectiorhef t
charges into center of the cul¢e) and(d) Trigonal octupoles generated by projection onto
the plane of the cube.

6.1.4 OctupolarMolecular Materials. First discovered octupolar molecule that showed
NLO activity was 1,3,5-triamino-2,4,6-trinitrobem== Most of the known trigonal
octupolar systems are based on organic molecules tfigonal (Figures 6.2c and 6.2d)
and tetrahedral (Figure 6.2b) octupolar symmetiesrelatively easy to design based on
the well established trigonal and tetrahedral gede® in organic molecules. For
example, the functionalization at 1,3, and 5 posiof aromatic systems (phefiyl,
triazine®*? or boroxan®) produces the 2D molecules with trigonak,(Cs,, D5 or D)
symmetry (Figures 6.2c and 6.3a). Trigonal symmeatnpwn in Figure 6.2d can be
achieved, for example, based orf @mplate (crystal violet, Figure 6.3c). Other
molecular octupoles in which 3D symmetries are uBedude tetrahedralTg) tin
derivativé* or bis(bipyridyl) zinc(ll) complex (Figures 6.2mé 6.3d}> and the cubic
paracyclophane derivative (Figures 6.2a and 6:3REcently, chemists have been using
coordination chemistry as a powerful tool to systhe octupolar molecules. The first
transition-metal complex ([Ru(2,2’-bp§§[PFs]>) with large B values was reported by
Zyss'’ After this work many octupolar NLO materials basedmetal complexes have
been investigatetf,*°
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Figure 6.3 Examples of 2D and 3D octupolar molecules withamigl, tetrahedral and
cubic symmetries.

6.1.5 Octupolar 2D Supramolecular Materials. To date,the design of octupolar NLO
materials has focused mostly on molecular systefasembly of octupolar molecules
into acentricnetworks however, has not been fully explored. Figure $héws three
network arrangements that we will encounter in gtigly. Two of them and 3 nets
possess nodes with trigonal symmetry and they acel gandidates for supramolecular
octupolar assemblies. Two reports from the litematexplored the 2D trigonal®3
networks based on organic and metal complex chrboms (Figure 6.53" %> ?We
note here that both these designs offer synthamsifigbone interactions and coordinate
bonds) that direct the molecular arrangement in tivoensions. The assembly in the
third dimension, however, is not controlled by prtsdtmined functional groups. In other
words, these materials adopt 3D noncentrosymmetrghlance; the design was limited
only to two dimensions. The absence of swslpramolecularoctupolar materials
indicates the difficulty in the design of systerhatthave octupolar symmetry and that
can assemble into acentric solid state structures.
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HE 3%

44 network 63 network 36 network

Figure 6.4 Representation of 2D network arrangements. ThéeXminology used here has
its origin in defining nets as a collection of nedeonnected by linkers. In®@et, for
example, each node is connected to 3 other noddgha smallest cycle contains 6 nodes.

Figure 6.5 Schematic representation of 2Btupolar materialga) 2,4,6-Triaryloxy-1,3,5-
triazines. (b) Trigonal network made from [Gluz-OH)(L)s(py)sl®>', L = 4-[2-(4-
pyridyl)ethenyllbenzoate.

6.1.6 Critical Need for 3D Octupolar SupramolecularMaterials. The purpose of this
work is to develop a strategy for the synthesi8Bfoctupolar materials that can show
high NLO activity at molecular and crystalline stat\s NLO molecules we propose
trigonal metal-organic clusters (Figure 6.6); thedesters offer synthetic design
analogous to organic compounds and possess robgstifienorganic systems. Special
advantages of metal-organic framework structurekide: strong bonding that provides
network robustness, bridging ligands that can bédifieal by organic synthesis, and the
ability to create desired geometrical assembly. Thesters can first be created and
studied at molecular level (that is, OD systent®se clusters can then be assembled into
2D or 3D frameworks through metal-ligand bonding. d&lecting proper organic ligands
we can tailor physical properties and through a lwiaation of metal species, carboxy
and aza ligands, it may be possible to design madefor applications in catalysis,
magnetism, sorption, and non-linear optics.
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Figure 6.6 Molecular structure of TMC. This cluster consistarigonal planar MO group
in which central oxygen functions as bridging iohl the metals display octahedral
coordination.

6.1.7 Functionalized Materials based on Metal Carboylate Clusters. Some examples
from recent literature illustrate the utility of mé&organic frameworks in the above
mentioned applications. Kim and coworkers repodiidal metal-organic framework for
the catalysis of enantioselective trans-esterificateactions (Figure 6.74).0f special
interest is also the design of stable nano- oranporous networks. Porous materials are
mainly used for size selective sorption, molecuémognition, or gas storage. Yaghi and
coworkers demonstrated crystalline extra-large peristameworks made of octahedral
Zn,0 nodes with pore sizes up to 28.8A (Figure 6°75}. These materials can sorb 240
mL/g of methane at 36 atm. Metal-organic framewoden also show interesting
magnetic properties. Antiferromagnetism, ferrimagme and ferromagnetism are
common phenomena of the magnetic spins in solit.sTehe nanoscale metal-organic
Kagome lattice built by Zawarotko and colleagues lwateresting (spin frustrated)
magnetic properties at room temperafiir€his Kagome lattice is formed from dicopper
paddle-wheel cluster with isophthalate bridges(Fég.7¢).

Figure 6.7 Examples of frameworks built from metal-carboxglatlusters(a) Chiral
hexagonal framework made from [F)(OOCR)(H,0)s]%. (b) Porous solids constructed
by octahedral ZfO(OOCRY} units, andc) Kagome network based on LOOCRY), units.
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6.2DESIGN, SYNTHESIS, AND IR ANALYSIS OF TMC s

Our work so far has been primarily synthetic inunat We have just begun to
characterize the crystal structures obtained franous TMC derivatives synthesized in
this work. We will describe two categories of TME€lated structures and two other
clusters with higher nuclearity (Mrnand Mns), and their potential use as nodes in
generating new types of porous frameworks. We areently in the process of obtaining
NLO characterizations of these compounds throudtalmaration. We begin with our
original design strategy that we hoped will gere@D acentric structures.

6.2.1 Design strategy for 3D Octupolar MaterialsOur strategy for making 2D trigonal
octupolar assemblies and their possible arrangeiinettiree dimensions is shown in
Figure 6.8. This design starts with the molecutagohal units shown in Figure 6.8a.
When these two octupolar units are connected at ¢beners, they can form an acentric
hexagonal 2D network (Figure 6.8b). Stacking of 2Benetworks can lead to either 3D
noncentrosymmetric (Figure 6.8c) or 3D centrosymimedtructure (Figure 6.8d). We
should note here that thé et in Figure 6.8b is based on two different no@esiters of
red and blue triangles). If one were to considerttdpology of this net based on any one
node (red or blue) this net will then become %angt, that is, it is acentric in two
dimensions.

A~ yANES
R XX
Voo Y

a b

2D acentric 3D acentric 3D centric

Figure 6.8 Strategy for the synthesis of 3D noncentrosymmetystals.

We have designed trigonal metal clusters to achB¥eacentric structures exclusively.
The geometry of the TMC enables the binding of éhieplane monodentate ligands
projected trigonally, and six out-of-plane bridgingidentate ligands projected
perpendicular to the M@ core. We use pyridine derivatives for the first sf ligands,
and benzoic acid derivatives for the second seligainds; we refer to them, in the
following sections, as pyridyl and acid ligands.eusf TMCs allows 3D design (Figure
6.9). These TMCs are also modular in their destbat is, one can make multiple
derivatives through changes in metal ions and ®te of ligands.
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Figure 6.9 Expected 3D arrangement of trigonal metal orgaméenéworks.(a) TMC
viewed downz-axis. (b) Side view of TMC (dowry-axis). (c) Acentric assembly of TMC
along the zaxis by an appropriately shaped diaci) 2D noncentrosymmetric
arrangement of TMCs and triazinesxaplane.

6.2.2 Synthetic Approach.The strategy shown in Figure 6.9 involves comigniinree
different entities (metal ions, pyridyl ligands,damacid ligands) in one pot to create
network solids. To synthesize 3D acentric materisctly is ambitious and turned out
to be challenging. Our initial attempts to createhs 3D material through one pot
synthesis led to insoluble powders (that may welltbe desired materials) that are
difficult to characterize. We quickly realized tmeed to learn synthetic as well as
structural chemistry of TMCs and decided to expltre synthesis and structures of
discreteTMCs. We argued that due to their trigonal symsn#iese TMCs should act as
useful candidates to exploré 8ets. Also, we hoped to explore metal-to-ligand an
ligand-to-metal charge transfer within these TM@srodulateS. The question that we
faced at this point was — where to start? We ne¢adlekcide on the types of metal, the
in-plane ligands and the bridging ligands. Thusapproached the Cambridge Structural
Database (CSD) to determine the known structurairistry of TMCs.
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Figure 6.10 Quest fragment used in the CSD query. All the Isoattached to Mn are
defined as ‘any’ bonds. Only aza and carboxylajarids are searched.

6.2.3 Known Structural Chemistry of TMCs — CSD Anaysis. Figure 6.10 shows the
CSD search fragment we used to retrieve the knoM@ Ftructures. We chose to restrict
the search to in-plane ligands with aza donorscamnbdoxylates as bridging ligands. This
search showed 104 hits with TMC units, of whicharé unique. That is, the other 33 hits
belong to duplicate structure determinations. TolboWing features appeared from an
analysis of these structures. Of the 71 structlBé4sTMCs are based on homo-metallic
cores (that is all the three metal ions are samed, 17 TMCs are based on hetero-
metallic cores. A gratifying finding is that the$&ICs are not restricted to any specific
metal species. Currently TMCs with Fe, Cr, V, Mm, Ru, and Ga metal ions are
known. Another way of classifying the 71 hits ised on the space group symmetry: 41
of these TMCs crystallize in centrosymmetric spgosups, and 30 belong to acentric
space groups. A large number (50) of these TMCsidlecnon-aromatic acid ligands. Of
the 21 TMCs that contain aromatic pyridyl and daydnds, most of them are based on
benzoic acid and pyridine.

We are interested in exploring all-aromatic TMCgdese they are expected to show
high g values (systems with closely spaced multiple at@manits can show larg®
values even in the absence of conjugation; see ef@mple NLO activities of
calixarene¥). Most of the reported studies are centered orthegis, characterization,
magnetism, and intermetallic charge transfer of BMIGttle or no attention is placed on
the NLO effects and supramolecular structural adndf TMCs. We anticipated that
creating a number of TMCs with different acid angrigyl ligands will lead to the
discovery of new network topologies and new cheawistvith a rich variety of
compounds.

A key feature of TMC systems, like other metal @mihg systems, is that they display
structural portability. That is, TMCs containingffdrent metal species, but similar
ligands have similar structure. This feature iseesdly useful in the current study
because electronic character of the core can beulated to control the nonlinear
properties of the clustérs A relevant example that illustrates the strudtpartability
involves: [MsO(AcO)Pys] '[X]. A variety of homo- and hetero-metallic TMCs bésm
this core are isostructural. We expect that our studégsed on one metal species (that is,
Mn) can be extended to other metals without the tdslesigned structural features.
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6.2.4 Synthesis of Discrete TMCsAs shown above a number of metal ions can be used
to prepare TMCs. We chose Mn as the metal spenidghis work because Mn based
TMCs are stable and they can be created under iaecohditions (Figure 6.11). An
advantage with Mn TMCs is that they can be syn#eekiusing a predictable
conproportionation reactiofi.In addition, Mn TMCs can be prepared in two flasjore
call them charged TMCs and neutral TMCs (Equatibrand 2; see below). Charged
TMCs contain three Mt ions as part of the M@ core; that is when a full cluster is
formed the cluster will have one unit of positivieacge ((MRO(RCOO)L4]"). On the
other hand, the neutral TMCs have the general famn;O(RCOO)L3; that is the
overall charge of the cluster is zero. Our initiaterest and focus is on the charged
TMCs, because we hoped that these TMCs can haverifybnal symmetry at the
molecular level, at least in solution. In neutral@s, the molecules may or may not
maintain trigonal symmetry because the charge eafotalized or delocalized on the
metal ions (that is the arrangement can be**Mn**Mn*" or [Mn?°®"],). One final note
on the choice of the anion: we used perchlorat®© Tlanion in this study largely
because of synthetic ease. We expect that thesesanan be replaced by safer anions
such as BF if these TMCs were ever to be synthesized in lamgde.
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Figure 6.11Scheme for the synthesis of TMC.

The following two equations show the conproportiira reactions for the synthesis of
neutral and charged TMCs.

13Mr™* + 2[MnQ,]" + 6H" — 5[Mn;0]®" + 3H,0  [formation ofneutral TMC]
(Eq. 1)

12Mrf* + 3[MnQy]" + 14H — 5[Mn;0]"* + 7TH,O  [formation ofchargedTMC]
(Eq. 2)

We found that these reactions are highly relialild aan be achieved selectively by
manipulating the experimental conditions. Oxidateam be carried out with KMnQor
"Bu,NMnO,; again we found that the latter reagent is moréable and broadly
applicable for the synthesis of a range of TMCse Qarticularly attractive experimental
feature of these neutral and charged TMCs is thwirkedly different color: charged
TMCs are brown in color and the neutral clusters dark green. For the following
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syntheses, all chemicals and solvents were purdhifase commercial sources and used
without further purification. All manipulations weperformed under aerobic conditions.

6.2.4.1 Synthesis of'Bu,NMnO,. This compound was synthesized by a slight
modification of a literature repoft.Aqueous solutions of KMnQ(2.50g, 15.8 mmol,
dissolved in 60 mL of water) arltBu,NBr (6.00g, 18.6 mmol, dissolved in 40 mL of
water) were mixed together with vigorous stirriddter 20 minutes a purple precipitate
was filtered, washed with deionized water (500mhyl @ small amount (25-50 mL) of
diethyl ether, and dried in vacuo. The typical giaf this reaction was >80%. After
drying, the product was placed in an Erlenmeyeskfland the flask was quickly sealed
under N gas using parafilm. This sealed flask was thernt ke@ refrigerator and the
permanganate was used in the synthesis of TMCmithe week.

6.2.4.2 Synthesis of Charged TMCs (M{OOCR)L;]CIO,). The complexes were
prepared following the modified method described \ligcent®® Mn(O,CMe),4H,0
(2.00g, 8.15 mmol) and acid (61.4 mmol) and pyed{80.7 mmol) derivatives were
dissolved in 25-50 mL of absolute EtOH in an Erlewyer flask. To this mixture was
added "Bu,NMnO, (1.14g, 3.15 mmol) in small portions under contiuns stirring.
Immediately after adding the permanganate, NaG@D69g, 5.65mmol) was added in
portions, and 15 minutes after this latter additohrown solid product appeared in the
flask. This brown precipitate was collected by réitton and dried in vacuo.
Recrystallization was carried out in dichloromethamcetonitrile, or benzene; after
several days small gold colored microcrystals efdesired products were obtained. The
morphology of these crystals depended on the TM@ kinted at the possibility of
different types of underlying structures. Typicaglgs in these reactions were in the
range of 70 — 85%.

6.2.4.3 Synthesis of Neutral TMCs (MWOOCR})L ). To obtain neutral complexes the
procedure described above was modified, that isitheunt of'Bu,NMnO, was reduced
according to the stoichiometric ratio given in Egma 1 above. Only 1.25 mmol of
"Bu,NMnO, was required to react with 8.15 mmol of Ma(@Me),-4H,0. After the
addition of"Bu,NMnQ, the homogenousolution was turned to a dark green color. The
mixture was stirred for 1h and the product was lafidisturbed overnight in the
refrigerator. The resultant precipitate was co#dctby filtration (yield: >80%).
Recrystallization from dichloromethane, acetoratribr EtOH yielded brown crystals
with TMC dependent morphologies.

6.2.5 Selection of Ligands (Acids and Pyridines)The major criterion we applied in
selecting these ligands is that they must be aiicraatl conjugated. We chose functional
groups that do not interfere with the formationfddC. Also, we chose relatively simple
groups so that we can understand structural chgma$ta molecule with complicated
shape. The deliberate choice of electron donatimdywithdrawing groups on acids as
well as pyridyl ligands is to test the effects @with these variations. Tables 6.1 and 6.2
show the acid and pyridyl ligands used in the TM@tkesis. Frequently we refer to
TMCs with the acid and pyridyl acronyms shown iagé Tables. For example, ‘BA-4P’
refers to a TMC made from six benzoic acid andeh¥gicoline ligands. One more note
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on the acronyms used: we refer to charged cluae®MCs; neutral clusters are always
referred as neutral TMCs. Table 6.3 lists curréstus of various TMCs we are working

with.

Table 6.1 Molecular structures and acronyms of acid liganded in the
synthesis of TMCs.

HOOC@

HOOCOCI

HOOCQCN

Hooc—C>7cu3

BA 4BrBA ACIBA ACNBA pTA
Br cl CH,
HOOC—QOMe HOO CONOZ HOOC—O HOOC—@ HOOC—@

AA 4NOZBA 3BrBA 3CIBA mTA

cl CH, NO,

[o]
HOOC HOOC HOOC
L ooy | e O
cl CH, NO,
35CIBA 35MeBA 35NOZBA AE

Table 6.2 Molecular structures and acronyms of pyridyl ligarused in the synthesis

of TMCs.
Py 4p 4CNPy 4BuPy 4PhPy
H,C
N N N 3 H;C CH,
H,C—O Br—{ \ NC—O W : f |
— — = HCN\ N
3P 3BrPy 3CNPy 34Lu 35Lu
Ch o~ C

N
N

0

H

35CIPy

Imd
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Table 6.3 Current status of TMCs synthesized in this work.

Py 4P |4CNPy | 4BuPy | 4PhPy | 3P | 3BrPy |3CNPy| 34Lu | 35Lu |35CIPy| Imd
A s |sed sg 5 5@ 5 5 5
- S S S S S S S S
5 s 5
4BrBA
! 5 s 5 s 5 5
5 5 5
#CIBA 5 5 5 5 5 5
4CNBA 8 8 | 8
,1a | 5B | S8 5 5 5@ 5 s@ | sE | s 5
: 5 5 5 5 5 5 5 5
40Me BA
¢ 5 s 5 s 5 5
] 5 5 5 5 5
NO;E.
ANO;BA 5 5 5 5 5 5
5 S S S
3BrB:
BrBa s 5 S 5 s 5
5 5 5
3 .
CBA 5 5 5 5 5 5 5 5
s@ | s@ 5 5 5 s@
mTA
S 3 S S S 3 S 3
34CIBA
5 s 5 5 5
341 ¥
4MeBA S S S S S
] 5 5 5 5
35NO4B!
O;BA 5 5 5 5 5
AE
3 3 3

S - Synthesized charged TMCs.
S - Synthesized neutral TMCs.
€ — TMCs for which crystallographic data were caiet

6.2.6 Spectroscopic Characterization of TMCsThough Mn TMCs made in this work
are thoroughly soluble in organic solvents, esplgc@HCls, it is not easy to collec¢H
NMR (or *C NMR) spectra of these compounds due to the inflaeof the paramagnetic
Mn ions®! This influence results in broadened and highlyasated peaks (chemical
shifts range from -150 to +100 ppm iH NMR). The analysis of these spectra is not
trivial; in fact, this analysis itself is part of ajor research in organic-inorganic
spectroscopy. We have thus resorted to IR specpgsas a quick tool to verify the
formation of TMCs in our reactions. Our IR analysiowed two interesting features: (i)
it is easy to distinguish between neutral and afdrgMCs; and (ii) acid ligands have
distinguishable, characteristic bands but pyridyhhds do not have such bands, at least
in the typical 600 — 4000 chregion.

6.2.6.1 Distinguishing Charged and Neutral TMCotigh IR Spectroscopyigure 6.12

shows the IR spectra of some representative chaageddneutral TMCs. The region
between 1700 and 600 €nis dominated by absorptions due to the symmetnid a
asymmetric stretching of the bridging carboxylateups ¢-COOQO). These are strong
bands appearing at about 1380cand 1600 ci respectively. The medium strong
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bands due to the absorption by the perchloratenami€|-O) are found near 1100 ¢m
for all charged TMCs. Several IR bands below 800" enay be assigned to other acid
and pyridine absorptions. One of these bands ait&®0 cnit, however, arises from an
asymmetric stretch of the central Mhunit. The main difference between charged and
neutral TMCs is the absence of perchlorate stratchiear 1100 cth(contrast Figures
6.12a and b). We use this region to diagnose th€ pkbducts obtained in our synthesis.

pTA-34Lu pTA-34Lu-N
R mTA-34Lu-N
%T mTA-34Lu %T
Wr\{\ [/‘%\ﬁr\]\/\/ BA-34Lu-N
T T T T T
1600 1400 1200 1000 800 600 1600 1400 1200 1000 800 600
Vicm] V [cm]
a b

Figure 6.12Comparison of IR spectra of the chargeyland neutra{b) TMCs.

6.2.6.2 Finger Prints of Acid and Pyridyl LigandasIR SpectraAs noted above, acid
groups can be differentiated and identified fromdfectra. The main differences in a
series of TMCs that differ only in acid groups iliethe asymmetric stretching zongg
COO) of the carboxylate groups. In Figure 6.13aanealyze IR spectra of three TMCs
with same pyridyl ligand but different acid ligandghe fine structure in the,COO
region shows that fopTA-34Lu andmTA-34Lu there is only one strong band (~1600
and ~1574 ci); however for the BA-34Lu this band is split intwo bands (at ~1604
and ~1568 ci). The symmetric stretching{COO) always appears at ~1380tas a
single band (Figures 6.13a and 6.13b). A similaalysis for pyridyl ligands (Figure
6.13b; same acid ligand but different pyridyl ligah shows that there are no
characteristic peaks that can tell one pyridyl didarom another. The three spectra
shown in Figure 6.13b do not differ noticeably.
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pTA-34Lu pTA-Py

mTA-34Lu
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Figure 6.13IR spectra of TMCs witl{a) different acid ligands an¢b) different pyridyl

ligands.
6.3CRYSTAL STRUCTURAL ANALYSIS OF TMC s

6.3.1 General Considerations in Structural AnalysisAs noted earlier much of my
effort in this work was focused on the synthesi§ BICs (both charged and neutral). Our
structural analysis is still at an early stageref@aewe will limit our discussion only to
the structures of charged TMCOf the 65 charged TMCs synthesized, about 30
compounds showed good crystallinity, but only 1#evgood enough for single crystal
X-ray data analysis. These compounds typically adayered structures in the solid
state, and displayed some of the known crystal tiramd structure analysis problems
with layered structures. We frequently encountel@ger misalignment or twinning;
typically we had to mount 3-4 crystals on the difiometer before a single crystal was
found that can give reasonable unit cell data. Als@n after the data collection these
systems routinely gave problems during structureitem and refinement. For these
reasons, most of the structures in this study ate partially solved and/or refined. In
future work | will spend more time towards the cdete refinement of these structures
and their detailed analysis. We classified the MCTstructures (to be discussed in the
following sections) into two categories; structufsthese two categories along with
those of hexa- and tridecanuclear Mn-carboxylatstels are presented below. Table 6.4
shows the salient crystallographic parametershierstructures reported here. Figure 6.14
shows the numbering scheme used in this studyjstensy in this numbering simplifies
comparison across a series of derivatives (seex@mmple, Table 6.6).
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Table 6.4Space group and unit-cell data for the structtepsrted in this work.

TMC Space Group a b c a B ¥ Solvate
BA-Py P63/m 13.482 13482  19.032 90 50 120 CsHsN
BA-4P P6s/m 13.955 13.955 18.227 90 90 120 CsHs
BA-4P P6s/m 13.966 13966  18.233 90 90 120 CH,Cl,
BA-3P Pés/m 13.151 13.151  21.277 90 90 120 CsHs
pTA-Py Pecn 14.128 17328  25.754 90 50 90
mTA-Py P2:2,2 14.365 16.887 12.828 90 90 90
pTA-4P P212424 15.702 16.185 27.016 90 50 90 CH,CL
pTA-3P P212424 15.678 17.074 25362 90 90 90 CsHs
mTA-4P P42m 15.891 15891  13.659 90 90 90 CsHs(?)
3CIBA-4P P42m 15.795 15.795 | 13.799 90 90 90 CsHs(?)
mTA-341u P242,2 16.589  16.593  13.731 90 50 90 CsHs
mTASC P1 15677 15820 16.117 92.194 94923 | 110.756
pTAMng Ceca 18362 25413 18.514 90 50 20
C
7N
T74 T72
P i /C71 PN
35C Css N7, 27 Clac.:zs
[P PR
g T o o el (I:Tls
| C36\C/' 2~ 31\ a2 \C/ 2
C45\ )’CM\ }1041\Mn/011'\21 /Clz\zé/clzl
C45 :1 1 | 11 13
T 032 02
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Mn, Mn,
C
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C
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o~

55 65

Figure 6.14 Atom numbering scheme used in this study. Acigisiare labeled &C,7,
CyCy7, C3Cs7, Ci-Cy7, Cs52-Cs7, and G-Cg7, and pyridine rings are labeled§8;,-Css,
Ng1Cg1-Cgs, Ng1Co1-Cgs. Rings numbered from&C,; to G,»-C,7 correspond to Type-I acid
ligands; rings 6,-Cs; and G»-Cg; correspond to Type-ll acid ligands (see Sectich6d.
Similarly, Type-A pyridyl ligand is numbered,NC;:-C;5 and, Type-B pyridyl ligands are
numbered N,Cg1-Cgs and Ny;Cg1-Cos.
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6.3.2 Structures Adopting Idealized Acentric 8 Networks. We began our analysis
with BA-Py, a TMC with no substituents on eitheridaor aza-aromatic ligands. We
expected that this will be a good starting poimtdgploring and designing new types of
structures within the family of all-aromatic TMGSur CSD analysis showed that there
are several analogues of BA-Py reported in thedlitee; Table 6.5 provides some details
of metal ions, counter anions, and solvated guesties included in the crystals. Each
structure in this Table is identified with a REFCBDa unique name assigned to each
entry in the CSD.

All these structures (except VOVBAJ) have similaystal structures; they follow the
general trend that metal ions can be exchangedutitthe loss of structural similarity.
These entries also display the crystallographiblers we referred to above, and these
problems are responsible for: (i) incorrect spawig assignment; (ii) lack of coordinate
data on solvated molecules; and (iii) incompletedfined anions. This incomplete data
on anions and solvates again refer to the majarsfat the previous studies: that is, they
are concerned with thmolecular structure of TMC but not with theupramolecular
structure. Two key points (in addition to thoseeisin footnotes and ** on next page)
can be concluded from an analysis of the structiré&able 6.5: (i) They contain both
homo and hetero-metallic TMCs; (ii) They contaigrsficantly different anions. But, all
the anions adopt pseudo-octahedral geometry inrirstal.

Table 6.5Molecular and crystal structural analogues of JBI{BA)sPys] [ClIO4] *CeHs

REFCODE TMC Anion Guest
GOMWUA [Cr:-0-(BA)s-Pys | Cloy Pyridine
NUXBAJO1/02  [MnCr,-O-(BA)s-Py]* CICrO5 Pyridine
PAMCOVO01 [Rus-O-(BA)g-Py;]" PFy not refined
PAZZAR [Fes-O-(BA)s-Pys]" NOy CH,CL
QOPLUC [Fes-0-(BA)s-Pys | Cloy Pyridine
ZAVIOV [Cr3-0-(BA)s-Pys]|” ClOy- not refined
ZASTOCS [Cr;-0O-(BA)s-(Piperidine); ] ClOs not refined
VOVBAT™ [Gas-O-(BA)s-(4-Picoline); ] GaCly 4-Picoline

We have synthesized charged Mn-TMC with BA and Bgrlds, and grown single
crystals of its benzene solvate, that is (JR(BA)sPys] [CIO4] *CgHe). So far the single

crystals obtained from this compound are small moidsuitable for single crystal X-ray
studies. The hexagonal prism morphology of thetatgshowever, points to a structure
similar to the analogues listed in Table 6.5. IRalgsis showed stretchings for
carboxylate and perchlorate species; that is, we teacharged TMC. Powder X-ray
diffraction analysis of the sample matches withsthaf BA-Py analogues shown in
Table 6.5. Based on these results, we attributestheture of BA-Py to structures in
Table 6.5, and in the following discuss its stroetbased on the Cr (GOMWUA).

6.3.3 Crystal Structure of [MnsO(BA)¢Pys] [CIO ] *CeHs (based on GOMWUA).
This compound crystallizes in the trigonal spaceugrP6s/m. The discussion of its
structure is divided into a description of molecudéructure and the assembly of TMC
units into 3 networks through C-HD hydrogen bonds. Guest inclusion and an analysis
toward structural mimicry and structural variatiame discussed at the end of this section.
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Figure 6.15(a) Molecular structure of BA-Py complefp) Assembly of trigonal

units into 36 network. TMCs and perchlorate ani¢gieen color) are shown in
ball-and-stick model and benzene molecules are shiowspace-filling model.

Hydrogen atoms are omitted for clarity.

6.3.3.1 Molecular Structural Featurdhe TMC unit is located on & (3/m) axis in the
crystal, that is, it maintains molecular symmetryhe crystal (Figure 6.15a). This means
that the TMC is noncentrosymmetric at molecularelevand all acid ligands are
symmetry related as are the pyridyl ligands. Iteiof atom labeling (see Figure 6.14)
all acid rings are now numbered-C,; and all pyridyl rings are labeled;,C;;-Cs7. The
guest molecule (benzene in this structure; disedigyridine in GOMWUA) is also

located on6 (3/m) axis. The counter ion (that is, GJ{) is also located on a/f axis.
Perchlorate ion should be tetrahedral; but, by ithposition of &/m symmetry, it is
disordered and adopts pseudo-octahedral geometwhich four O atoms occupy six
positions at the apices of a pseudo-octahedron. ndte that all O atoms of the
perchlorate ion are symmetry equivalent. All the Mns adopt octahedral coordination
as expected. All the pyridyl ligands lie perpenticuo the plane of central M@ unit.

6.3.3.2 C-HID Hydrogen Bonding between and ¢l@nd TMC Major intermolecular
interactions in this structure exist between thsitpely charged TMC and negatively
charged perchlorate ion. The interactions, howeseg, not of ionic character (the +
charge on the TMC is largely confined the centrai;®1 core, whereas perchlorate
interacts with peripheral phenyl rings). Each of 8ix O atoms in perchlorate anion is
connected to six distinct TMC units through shorHTID hydrogen bonds (Table 6.6).
One of themetaC—H groups from each benzoate contributes tohpisogen bonding;
each TMC is therefore connected to six €l@ns and vice versa. Three of these six
TMCs are in one layer; three others are in an adjalayer; these layers are parallel to
(001), that isab-plane. Benzoate C—H groups are more acidic arity easessible (less
hindered) compared to the pyridyl C—H groups; tfoee it seems logical that they are
involved in these short CHHD hydrogen bonds.
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6.3.3.3 Guest Inclusion in TMC Layers — AcentrfcNietworks As mentioned above,
this is a layered structure in which TMC units gJamith solvated benzene molecules are
packed into one layer and perchlorate anions anevéiahed between adjacent TMC
layers. In each layer, TMCs are arranged intd ae8work, that is, if lines were to be
drawn between central O atoms of nearest TMCs ifjwitie layer) they would result in a
trigonal 3 network with O atoms acting as nodes. TMCs arel liefo this trigonal
network through short CHHD hydrogen bonds they form with perchlorate anidrse
trigonal arrangement of TMCs (enforced by CTHBI bonds between TMCs and
perchlorate anions), however, results in the jussitijipn of benzoate rings as shown in
Figure 6.15b. Due to the 3D shape of the TMC madéecthis juxtaposition creates a
cavity within the layers, and solvated benzene mdé occupies this cavity. It is
important to note that reasonably short CEE contacts (CT 3.7-3.8 A) are seen
between the benzoate rings forming this cavity, this type of phenyilphenyl
arrangement is distinctly different from the traafial herringbone and stacking
interactions usually adopted by aromatic rings.

Table 6.6 Geometrical parameters for CHED Interactions*.

TMC CHO C-0@A) H-0@)  CH-OF) CHType| Location
BA-Py-CsHs C16-H16---01A 337 230 173 N/A within 3% nefs
BA-4P-CsH; C16-Hi16---01A 351 244 171 N/A within 3% nets

BA-4P-CH,CL | C16-HI6--O1A | 354 247 170 N/A | within 3 ness
BA-3P-C;H; Coordinate Data Not Available
PTA-Py C17-H17---02A 332 243 139 Type-I | within 4* nets
C26-H26-O1A | 327 232 146 Type-I | within 4 nets
C82-H82---024 361 257 161 Tvpe-B | within 4° nets
C82-HB2-03A | 345 261 134 Type-B | within 4 ness
mTA-Py C17-H17---02A 327 141 135 Type-I | within 4* nets
C24-H24---01A 330 235 146 Type-I |within 4 nets
C82-H82---03A 319 232 136 Tvpe-B | within 4* nets
C83-HB5---02A 3352 2.65 137 Type-B | within 4° nets
pTA4P-CH,CL | C17-H17---O1A 339 264 126 Type-1 | within 4* nets
C26-H26---024 347 242 163 Type-I | within 4* nets
C34-H34---04A 371 271 153 Type-I | within 4 nets
C44-H44--01A 345 240 162 Type-I | within 4* nets
C44-H44---03A 354 70 134 Type-I | within 4 nets
PpTA-3P-CgHs | Cl6-HI6---O1A 350 263 137 Type-1 | within 4* nets
Cl6-H16---04A 354 162 144 Type-I | within 4* nets
C26-H26---024 327 232 146 Type-I | within 4 nets
C34-H34---03A 352 253 152 Type-I | within 4* nets
C44-H44---01A 335 248 142 Type-I |within 4 nets
mTA4P C13-H13--01A 313 243 Type-I | within 4* nets
C14-H14--01A 317 251 Type-1 | within 4* nets
ICIBA-4P Coordinate Data Not Awvailable

mTA-3MLu-CH; ClO: Coordinate Dat Not Available
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* C—H bond lengths are normalized to 1.08 A. N/Net applicable.

Table 6.7 Geometrical parameters for the interactions betveaematic rings.

TMC X--X a* Ring-1 Ring-2 Location
BA-Pv-C:H;s 3.87 0 Acid Acid between 3% nets
BA-4P-C¢Hg 406 0 Acid Acid between 35 nets

BA4P-CH:Cl, | 404 0 Acid Acid between 35 nets
BA-3P-C¢H; Coordinate Data Not Available
pTA-Py 3.87 17.37 Tvpe Il Tvpe B within 4* nets
4.20 1514 Tvpel Twvpel within 4* nets
mTA-Py 3.56 6.15 Tyvpe Il Tvpe B within 4* nets
422 5.64 Tvpel Tvpel within 4* nets

pTA-4P-CH:CL | 361 7.05 Tvpe Il Tvpe B within 4* nets
373 12 49 Twpe II Tvpe B within 4% nets

pTA-3P-CsHg 382 1328 Twvpe II Tvpe B within 4* nets

3.82 10.2 Tvpell Tvpe B within 4* nets

412 2642 | Bz-Solvate | Type A within 4* nets

mTA-4P 3.50 1.11 Twpe II Tvpe B within 4* nets
3CIBA-4P Coordinate Data Not Available

mTA-34Lu-C¢Hg 3.68 1.4 Twvpe Il Tvpe B within 4* nets

3.62 291 Bz-Solvate | Tyvpe A within 4* nets
* Angle between the planes of interacting aromatigs.

6.3.3.4 Structural Analysis for Further Desigrhe trigonal layer structure shown in
Figure 6.15b is acentric, but the adjacent layeesimversion related. This inversion is
favored by stacking interactions between acid ribgsveen layers (Table 6.7). We
analyzed this structure in terms of short interrooler contacts to identify portions of
TMC that are critical for the formation of the tigal network, and portions that are not.
We expected that changing the non-critical portiovil allow us to reproduce this
trigonal structure, and that changing the critigattion will result in different types of
networks. It is obvious that we can introduce neaugs on either the benzoate or the
pyridyl (or both) groups. All the CH groups on thenzoate phenyl rings are involved in
short contacts with the nearest O or C atoms. Thateplacing these CH groups will
most likely influence the trigonal structure. Thél @roups on the pyridyl molecules,
however, are not involved in any short contacts mearest contact atoms (along the CH
bond vectors) are about 4.2-4.5 A away from théo@aratoms of the pyridyl ring.
Therefore, we argued that substituting H-atomsyidpl rings (with simple groups such
as CH) should retain the current trigonal structure.
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In the following, we discuss structures that reslilfrom substituting the pyridyl CH
groups. An analysis of the intermolecular contaotsund trapped benzene molecule is
also interesting. Benzene makes van der Waals asntéth benzoate rings above and
below its molecular plane. Along the CH bond vectmwever, the nearest contacts are
4-7 A away (from the C atoms). We also argued thptacing the benzene with guest
molecules such as mesitylene and trichlorobenzbneld retain the current structure,
but, so far our efforts have not been successfyroducing crystals containing these
guest species.

Figure 6.16 (a)Molecular structure dBA-4P complex.(b) Assembly of trigonal units into
2D acentric (3 network (benzene solvate). Hydrogen atoms arétedior clarity.

6.3.4 Crystal Structure of [MnsO(BA)¢(4-Picoline)]'[CIO ] *C¢He. Changing the
pyridine ligand to 4-picoline does not change thpramolecular structure as predicted
by the analysis given above. In fact, this compoismdsostructural to the pyridine
derivative described in the previous section. TMCTunits retain their acentric trigonal
symmetry in the crystal. They are held into acen®d trigonal (8) networks through
short C-HID hydrogen bonds with ClQions (Table 6.6). Again, the CjOons adopt
pseudo-octahedral geometry in which four O atomarestsix apices of a pseudo-
octahedron. All the six O atoms are symmetry edaiva The juxtaposition of benzoate
rings again results in cavities similar to thosers@n the previous structure; benzene
molecules are trapped into these cavities withlammtermolecular contacts described in
previous section. Figures 6.16a and b show daihiBA-4P benzene solvate structure at
the molecular and crystal level. As explained above tried to grow crystals of BA-4P
containing guests that are laterally expanded. § lvéals, however, produced crystals in
which dichloromethane (solvent used for the criigation) is included within the
cavities.



TRIGONAL MANGANESE CARBOXYLATES — OCTUPOLARNLO MATERIALS 145

6.3.5 Crystal Structure of [Mn;O(BA)¢(4-Picoline)] [CIO ] *CH,Cl,. The CHCl,
solvate of BA-4P is isostructural to the benzenbrate described above. The only
difference is that the solvent molecule is disoede(it does not possess three-fold
symmetry) such that two Cl atoms occupy the thpgees of an equilateral triangle, and
the C atom occupies two positions situated abowvkeletow the triangle formed by the
three Cl atoms. Figures 6.17a and b show detaiBAe#iP-CH,CI, solvate structure at
the molecular and crystal level. The ability to eha the guest species without changing
the overall structure again indicates that the gusedlecules play the role of ‘space-
fillers’ and that they are not involved in struaudirecting intermolecular interactions.

Figure 6.17 (a)Molecular structure dBA-4P complex.(b) Assembly of trigonal units into
2D acentric (3 network (dichloromethane solvate). Hydrogen atcems omitted for
clarity.

6.3.6 Crystal Structure of [Mn;O(BA)(3-Picoline)] [CIO 4] *C¢He. We have been able
to grow crystals (with hexagonal morphology) of BR-in benzene. These crystals,
however, diffracted poorly and X-ray data was nobdj enough for full structure
determination. To date, we have been able to daterthe space group and locate the
ClO, anions and the central MD-(OOC) units from the available data. Further
refinement of this structure is not possible beeaof poor quality of the X-ray data
(obtained from crystals that are either twinned display layer misalignment). A
comparison of the unit cell parameters in Table (@udd location of CIQ anions and
Mn3sO units within the unit cell) with previous strupts indicates that the BA-3P is
isostructural to BA-Py and BA-4P. These resultsvsitioat acentric 3networks can be
reliably generated within the family of BA-Py TMQGrsctures by incorporating small
substituents on the pyridyl ligands. The overalrusiure, however, remains
centrosymmetric; thus, we focused our attentioncbanging the benzoate ligands to
explore new types of structures.
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6.3.7 Crystal Structure of [MnsO(pTA)¢(Py)s][ClO 4] Acentric 4* and Centric 3°
Networks. Changing the benzoic acid ligandspioluic acid changes the structure type
as expected from the analysis given in Section3618. the following we describe two
sets of structures, one belonging to centrosymmeipace groups (e.gpTA-Py, this
section), and the others belonging to noncentrosgtmienspace groups (e.gnTA-Py,
next section). The similarities and differenceswsetn these networks and design
considerations are given below.

6.3.7.1 Reduction of Molecular Symmetryhis TMC perchlorate crystallizes in the
centrosymmetric space grolzcn (P/2Z/c2y/cZin). The TMC unit is located on the 2-

fold axis (as opposed to be on tBeaxis as in the case of BA-Py, BA-4P, and BA-3P
series of structures described above). That isTME unit does not retain its three-fold
molecular symmetry in the crystal. It follows thémat the six acid ligands are not
equivalent in the crystal; similarly the three piyfi ligands are also not equivalent (see
Figure 6.18). We can see that changing the acahdigrom BA topTA doeschange the
structure type as expected.

Type-A
Pyridine

c o L - Type-I
" 4 Acids
S Type-B
Pyridines
W Type-I1I
.&‘L‘?B\,, Acids
o

Figure 6.18 Molecular structure ghTA-Py complex. Two types of acid rings (Type | and
Type Il) and two types of pyridine rings (Type Adaiiype B) are indicated by different
colors.

6.3.7.2 Classification of Ligands into GroupBhe molecular symmetry of TMC is
reduced in the crystal because different acid amdiyl ligands have different packing
preferences. Based on the analysis of this stre@nd a number of other TMC structures
to be discussed below, we classified acid and gltigands into two groups each. One
group of acids, which we call Type-l acids, contltor acid ligands; the second group,
Type-ll acids, contains the other two acid ligan8amilarly, in the case of pyridyl
ligands ‘Type-A’ consists of one pyridyl group (tha projected along [001]), and ‘Type-
B’ consists of other two pyridyl groups. Figure &.8hows coloring scheme used for
identifying different acid and pyridyl ligands ihg TMC and their relative geometrical
arrangement.
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6.3.7.3 Acentric 4 Networks Parallel to (001)The crystal structure giTA-Py can be
sectioned into 4nets (Figure 6.19) that lie parallel to (001)these nets, each TMC has
four neighbors, and if we consider each TMC to bmde, the smallest cycle connecting
nearest nodes has four nodes in it. This is theoreave call the arrangement shown in
Figure 6.19 as “4net. Two types of intermolecular interactiorgll§r stacking and C—
HIID hydrogen bonds) are responsible for holding tNECTunits together within this*4
net. Stacking Aflliz) interactions between the aromatic rings of Tyipaelds and Type-B
pyridyl ligands act as the node connectors in thie(fable 6.7). In addition, the CJO
ions are situated in the square-cavities formediimithe 4 net; the O atoms of ClO
ions are involved in the formation of CHED interactions with the CH groups of Type-|
acids and Type-B pyridyl units (Table 6.6). We dHooote here that unlike in BA-Py,
BA-4P, BA-3P series of structures, both acid anddyy CH groups form the CHO
bonds in this structure. This may be partly duthoreduced CH acidity gTA ligands
(caused by the incorporation of methyl groups). mportant aspect of this*4
arrangement of TMC units is that it is noncentrosetric in two dimensions. Any
acentric arrangement of octupolar units (be it potar at the supramolecular level or
not) is an important step forward in the designn@dterials that display second order
NLO effects. We have fully explored this 2D acentmirangement in the design of solid
state NLO materials that are noncentrosymmetrithiee dimensions (Sections 6.3.8-
6.3.14).

Figure 6.19 (a)Acentric arrangement @TA-Py molecules into 4networks perpendicular
to the c-axis. (b) Two types of intermolecular interactiongfllir stacking of Type-B
pyridyl and Type-Il acid rings (top) and CHED hydrogen bonds between the ¢l&nion
and the C—H groups of Type-I acid and Type B pyrithgs (bottom).
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6.3.7.4 Stacking of “Networks — Acentric TMC Chains along [001] and €erPseudo-

Trigonal Layers Parallel to (220) andXD). Stacking of 4 nets along [001] completes
the description of crystal structure pTA-Py. Given thatPccnis a centrosymmetric
space group, and that thé dets themselves are acentric, it is obvious thcant 4
nets are related by an inversion center. Thisnig broad sense, correct. It is, however,
instructive to analyze the stacking of individudiT units along [001] (as opposed to the
stacking of 4 nets as a whole). TMCs stacked along [001] formhain structure
(mediated by C—HIirinteractions between Type-A pyridyl ring and Tyip&cid rings;
see Figure 6.20) in which adjacent TMCs ar@4s related. That is, these TMC chains
along [001] are acentric. Thus, we can pin-poietlttation of inversion center in terms
of TMC packing: adjacent TMC chains are inversioglated. An analysis of
intermolecular interactions between TMC units tlaa¢ related by inversion center
showed that there are hardly any interactionsptilg possible interactions are between
the para-CH; groups of two of the Type-I acids and the aromatig of Type-A pyridyl
ligand. The parameters for this interaction arBlC= 3.67 A and C—HIr= 11C. (In
general, inversion center is expected to maximilesecpacking. In this structure,
however, this statement does not hold true. Thie tdamaximization of close-packing
due to inversion suggested to us that we may be tabtemove the inversion center by
suitably substituting the acid ligands.) We therefexpected that moving the ggroup

to themetaposition would alter interchain packing; this chamight as well remove the
unwanted center of symmetry.

¥, o9
_ [methyl C-H---
interactions

C-H---mrinteractions
3.57A/2.66A/141°

adjacent chains
are inversion related

Figure 6.20Trigonal centrosymmetric networks parallel to (22l)e C—HIliiz interactions
between Type-A pyridyl and Type-Il acid rings letdthe formation of acentric TMC
chains along [001].

acentric TMC
chains along [001]
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6.3.8 Structures Adopting Acentric 4 and Acentric 3° Networks. In the following
sections we will describe structures that are desigto adopt 3D noncentrosymmetric
packing of molecules. This design is based on thea2entric 4 network discussed
above. All the structures to be discussed are aiigid in honcentrosymmetric space
groups. We begin with the structurerof A-Py where the Ckigroup on the acid ligands
is relocated to thenetaposition. We should note here that from the anslgiven above,
we need to relocate GHyroups on only two of the acid ligands. Such aprese,
however, would remove the octupolar symmetry frame TMC unit, and is also
synthetically demanding.

(o]
anan’)
acentric TMC
chains along [001] adjacent chains
are 2,-axis related
Cc

Figure 6.21 (a)Molecular structure oinTA-Py complex. Acid rings are colored dark gray
(Type 1) and light gray (Type 1), and pyridinesigs are colored blue (Type A) and light
blue (Type B).(b) and(c) Assembly of TMCs in the crystal into acentrit §parallel to
(001)] and 8 networks [parallel to (220)] respectively.




150 CHAPTERG

6.3.9 Crystal Structure of [MnsO(mTA)¢(Py)s] [CIO4]". This TMC crystallizes in the
noncentrosymmetric space groBg;2,2. As in pTA-Py, the TMC units are located on
the 2-fold axis alongc-axis. Thus, the TMC does not retain its 3-fold ewoilar
symmetry in the crystal. Reduction of symmetry ngetrat all acid and pyridyl ligands
are not equivalent in their packing patterns. Athmprevious case, we classified the acid
and pyridyl groups into Types | and Il and TypesaAd B based on their packing
characteristics (Figure 6.21a). Again, aspifA-Py, TMC units are assembled into
acentric 4 nets based on stacking interactions between Tiypeidl rings and Type-B
pyridyl rings, and C—HID interactions between perchlorate O atoms anddat@zand
pyridyl CH groups (Figure 6.21b, Tables 6.6 and.6Uhtil the formation of 4 nets, the
crystal structural features are similar to thoseT\-Py, though there are significant
differences in the molecular conformations.

The difference between tipd A-Py andmTA-Py structures (in terms of centricity) is that
adjacent 4 nets in the latter are translation related, aeeg to be inversion (as in the
case of former). That is structure ofTA-Py is acentric in three dimensions. The
stacking of 4 nets along [001] can be best visualized by lookin¢pyers of molecules

along (110) or (1 0). Figure 6.21c shows that the molecules are geginto acentric
trigonal (3) nets within these 220 layers. Again, TMCs stack&hg [001] form an
acentric chain structure (mediated by HHinteractions between Type-| pyridyl ring
and Type-Il acid rings; see Figure 6.21c) in whadjacent TMCs are translation related.
Adjacent TMC chains are related by aaXis (recall that irpTA-Py adjacent chains are
inversion related); this is the difference thas lag the origin of 3D noncentrosymmetry in
mTA-Py.

It appears that moving the methyl group frpara to metapositions on the acid ligands
does remove the centrosymmetry as suggested ipréwious section. In the following
sections we will describe five other structures tr@ similar tomTA-Py in design and
packing features. That is all the five structures Ibe discussed below are
noncentrosymmetric, and all these are based oadaetric 4 net observed ipTA-Py
and acentric stacking of these nets to complet8hstructure.

6.3.10 Crystal Structure of [MnsO(pTA)g(4-Picoline)] [CIO 4] *CH,Cl,. This TMC
crystallizes in the noncentrosymmetric space gré%2;2,. The asymmetric unit
contains a full TMC molecule; though six acid liganand three pyridyl ligands are
symmetry independent, they can be again classifited Types I-Il and Types A-B sets
based on their packing patterns (Figure 6.22a)urEi6.22a and b show théahd 3
nets observed in this structure. Stacking and @DHnteractions (Tables 6.6 and 6.7)
govern the formation“net (only acid groups, but not pyridyl ligandsntdute to C—
HIID bonds). Replacing pyridine with 4-picoline elotggathe stacking axisc-axis)
because it is in this direction that the Type-Aigyt ligand is projected into the groove
formed by Type-ll acid and Type-B pyridyl ligands the two structures discussed in
Sections 6.3.7 and 6.3.8 (see Figure 6.21)TW-Py andmTA-Py structures the Type-I
pyridyl ligand is tightly held into this groove tshort C—Hllizrinteractions; in the current
pTA-4P structure, the methyl group Type-A 4-picoliigand is projected into this
groove, and creates some void space. SolvategClgHuest molecules occupy this
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space. The TMC units along [001] are now held togeeby a combination of interactions
between Type-A and Type-B pyridyl ligands, and Tpacid groups, and the guest
molecules. The overall structure again is acetit@t is built upon acentric*4nd 3 nets
(Figures 6.22b and c).

acentric TMC
chains along [001]

c

adjacent chains
are 2,-axis related

Figure 6.22 (a)Crystal structure opTA-4P complex.(b) Arrangement of TMCs into“4
networks parallel to (001)c) Assembly of acentric TMC chains into noncentrosyetrio
(3% networks parallel to (220).

6.3.11 Crystal Structure of [MmO(pTA)g(3-Picoline)] [CIO 4 *C¢He. This TMC
crystallizes in the noncentrosymmetric space grBR{2,2; and has a structure that is
very similar topTA-4P described above. As pTA-4P the asymmetric unit contains a
full TMC molecule; again the acid and pyridyl greugre symmetry independent but can
be grouped into two sets each (Figure 6.23a). Egy6r23b and c shovf dnd 3 nets in
this structure. Tables 6.6 and 6.7 show the @®Hand stacking parameters involved in
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the formation of these nets. As iTA-4P insertion of methyl group onto pyridyl ring
creates void space along stacking agigxis) and this time solvated benzene molecules
fill this space.

Figure 6.23 (a)Molecular structure opTA-3P complex.(b) and €) Acentric 4 and 3
networks of TMCs.

6.3.12 Crystal Structure of [MnsO(MTA)g(4-Picoline)][CIO . This TMC

crystallizes in the noncentrosymmettaragonalspace grouf® 4 2;m. The molecule is
located on a 2-fold axis; acid and pyridyl ligaraate grouped into two sets each as before
(Figure 6.24a). This is the first structure in whibe four-fold symmetry of the* 4ets is
fully realized. In all the structures discussedab¢Sections 6.3.7-6.3.10) although the
structures contained 4ets, they all adopt low symmetry orthorhombiccgpgroups. As
far as the packing patterns are concerned thistateiis similar to the acentric structures
above: it has acentri¢ #ets (parallel tab-plane) that are stacked (aloagxis) on each
other by translation leading to the formation oémicic 3 nets (Figures 6.24b and c).
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This is not a fully refined structure; in two ofetlacid groups (Type Il) the methyl groups
are disordered. There appears to be a disordemkbe ring close to these disordered
methyl groups; the final details of this structare yet to be determined.

Figure 6.24 (a)Molecular structure ofnTA-4P complex with disordered Type-A pyridyl
ligands.(b) and(c) Assembly of TMCs into high symmetry dnd 3 networks.

6.3.13 Crystal Structure of [Mn;O(3CIBA)g(4-Picoline}]'[CIO . We have been able
to grow thin (square-shaped) plate-like crystalshi§ compound and collect X-ray data
on them. The quality of the data, however, is psorfar we have been able to determine
the unit cell and space group but not the full cttsee. This TMC, likemTA-4P,

crystallizes in the noncentrosymmetric tetragonadce groupP42,;m. Based on the
similarity in cell dimensions of this structure amdA-4P (Table 6.4), and based on the
chloro-methyl exchange rule in crystal engineeffngie expect that this TMC has a
structure similar tanTA-4P; that is it is 3D acentric built upon aceotf and 3 nets.
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6.3.14 Crystal Structure of [MnsO(MTA)(3,4-Lutidine)s] [CIO,]. This TMC
crystallizes in the noncentrosymmetric space grB@g,2. This structure is also not
fully refined at this stage, but the positions @inrH atoms that were refined so far
clearly indicate the overall structural details.eThMC units are located on the 2-fold
axis alongc-axis. As before, acid and pyridyl ligands can beuged into two sets each
(Figure 6.25a). All the pyridyl ligands (Types AdaB) are disordered such that 3,4-
Lutidine rings appear as though they are 3,4,5etio# rings; two of the acid ligands
(Type II) are disordered such that they appear &sdiBnethylbenzoate rings. The
structure is similar to the acentric structuresvahat is built up on acentric*4and 3
nets, again through stacking and CHbI interactions. As expected the methyl groups on
the pyridyl rings create void space and solvatatzere molecules occupy this space.

Figure 6.25 (a) Disorderedmolecular structure ofTA-34Lu complex. (b) and (c)
Assembly of TMCs into #and 3 networks.

The results presented in Sections 6.3.7 to 6.3.18arlg show that 3D
noncentrosymmetric structures can be designed wathfidence within a subset of
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charged TMC systems. All these structures conteamsistently, acentric *4and 3
networks. The ability to design such a large nundfeacentric solids within a family of
octupolar molecules has not been achieved so fag.ddditional feature to note in these
systems is that the TMCs have complex 3D shapeaaliogited a range of molecular
conformations within these acentric solids. Destite complexity, the TMCs fit well for
the design of predictable solid state structures.ddhclude our discussion of TMCs here
and in the following sections we will discuss twiher clusters with increased nuclearity.

6.4CLUSTERS OF HIGHER NUCLEARITY

During the course of TMC synthesis, we have dispedetwo clusters of higher
nuclearity. These clusters were formed, unexpegtedien we used di or triaza ligands.
We have not yet optimized these syntheses. Indhewiing section these clusters are
presented along with their synthesis.

6.4.1 Synthesis and Structure of MgOOCR);o(CHsCN);. A mixture of
Mn(O,CMe),-4H,0 (2.0g, 8.15 mmol)p-toluic acid (10.1g, 74.18 mmol) and triazine
(1.0g, 12.36 mmol) were dissolved in 25 mL of abs®lEtOH. To this solution was
added"Bu;NMnO, (1.14g, 3.15 mmol) in small portions. Immediateffen adding the
permanganate, NaC}J0.69g, 5.65mmol) was added in portions and theturgé was
stirred for 1h. The product was collected by fiima and dried in vacuo.
Recrystallization was carried out in acetonitriledathin needle shaped crystals were
collected after two days. The structure of thistduis shown below. We will explore the
geometry of this cluster to see if any extende@vagks can be built from it.

Figure 6.26. Molecular structure oMng(OOCR);¢(CH3CN), complex (ellipsoid mode).
Hydrogen atoms are omitted for clarity.
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6.4.2 Synthesis, Structure, and Magnetic Properties of Mnyz£O,
[Og(O0CR);(C,H50)s. A mixture of Mn(QCMe),-4H,0 (0.20g, 0.81 mmol)n-toluic
acid (0.836g, 6.14 mmol) and pyrimidine (1mL, 1théol) were dissolved in 25 mL of
absolute EtOH. To this solution was add@&i,,NMnO, (0.05g, 0.12 mmol) in small
portions. The mixture was stirred for 1h and thedoict was left undisturbed overnight in
the refrigerator. The gray product was collected flilyation and dried in vacuo.
Recrystallization was carried out in EtOH. After weks gold microcrystals with needle
shapes of the desired product were obtained.

Structural analysis showed that the cluster coata® Mn ions in three oxidation states
and two environments. Figure 6.27a shows the cbtbeocluster which is made of 13
Mn ions (one M#A, six Mr**, and six MA") 12 benzoate ligands, 8 oxide ligands (two in
/£ and six ing? coordination), and six ethoxide ligands. From Fég6.27a we can see
that the core of the cluster has cubic geometrycaliethis core ‘super cube’ cluster.

The most interesting aspect of this cluster is that12 benzoate ligands are projected
away from the cube in an octahedral fashion. Weehtp develop this cluster as an
octahedral node from which to generate porous mtwadth simple cubic geometry,
much in the same way as Yaghi usesQctahedral nodes to build porous solids (see
Figure 6.7bY>

Figure 6.27 Molecular structure oMn13-;/302-;/506(OOCR)12(C2H50)6 cluster.(a) Core
of the cluster (without benzoate and ethyl grougisdwing the ‘super cube(b) Full
structure of the cluster showing the octahedrgbatigion of the twelve benzoate rings.
Hydrogen atoms are omitted for clarity.
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6.5SUMMARY AND CONCLUSION

Crystallographic data presented above show thatrgeable to synthesize octupolar
molecular materials containing Mn-carboxylate aust By changing the acid and
pyridine derivatives we can design 3D noncentrosgtnia arrangements of charged
TMCs in solid state. To date we have collected ¥K-data, refined and analyzed
structures only of charged TMCs. Future work shdwddfocused on crystal growth, X-
ray data collection, structure refinement and asialpf remaining charged and neutral
trigonal clusters, to explore similarities and éifnces among these neutral and charged
clusters. In this work, to make the TMCs we weragidn metal, which has octahedral
geometry. It would be also interesting to study Nefects of TMCs made of other
metals. Other metals that could be explored forsymthesis of the new TMCs in this
work are: Fe, Cr, Zn, Ru, Ir, Rh and V, with thasgid and pyridine derivatives that
produced successful noncentrosymmetric materials.
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