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Abstract

Abstract

In this work NMR crystallography was used golve five crystal structures ofour
differentcompoundsThese range from inorganiggorporating new type of polymeric
anions over metal organic to new organic pharmaceutisklsf them exhibit different
degrees of disorden their crystal structurayhich we investigated furthefiocusingon

a combination o$olid state nuclear magtic resonances6NMR) anddensity functional
(DFT) methods. The latteemploying semi empirical dispersion corrected density
functional theory in conjunction with the gauge including projector augmented wave
method Due to thdargesize of the unit cedl of those compounds it proved impossible
to employ established techniques f@FT calculationslike the supercell approach
Therefore more simplified less computational demandiagproackshad to be used
calculating only single unit cells in varyingrettures Upon these we were able to
predict the isotropic chemical gtiling for all incorporated NMR active nuclei within
these chemicalsfor which measurements were feasibknd also investigated
guadrupolar coupling constants computed by DFfiis enabled us to assign NMR

signals that could not be explained by the undistorted crystal structures.

The firsttwo compounds, the chalcogengallateg@sQ11 (Q=S, Se)are the first ola

new type, incorporating polymeric anions. They crystallize isotypically in the triclinic
space group p with one formula unit in the asymmetric uaitdtwo formula units in

each unit cellln both compounds condensed Gat®trahedra form complex ani@ni
fiDreier doublé chains "0 . The "GaNMR spectrameasured at 14T, that

were stillnot well resolvedshowat leasthree distinct crystallographic sites, potentially
fitting both the crystal structure and the prediction by DRTontrast}**Cs shows very

good agreement with the experiment for both used functionals, PBE and LDA, employing
the zeroth order regular pmximation Both the experimental spectra arttie DFT
predictiors show four signals for each structure, with two of them overlapping strongly
in the case of theelenide. Using this crystal structure with altered stoichiometry for
additional DFT calculatins of the distorted structurenabled the assignment of
additional signalsn the 1**Cs NMR spectrum o€s:GaSer1 caused bydefects These

take the form of an additional Selenide atom added to the polymeric anion chain forming

a GaSeSeGabond sequere
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Abstract

The third compound Idasanutlin,is a potential drug for leukaemia treatmeifihe
structure of wo polymorphsform | and I, crystallizing in space groupp anddc¢ |,
incorporating two and four formula unitseresolved The former usingingle crystal
XRD based on synchrotron measurements, the latter using NMR crystallogBaphy
share the same dimer motif which two single molecules are bridged by double
hydrogen bondsia their acid groups. These dimers are stacked on top of dashinta
chair like manner. The difference betwephasel and Il is an AB layering of
modificationlIl and ABC layerindor polymorpsh. The DFT predictedH shifts reflect
the difference of the hydrogen bonding within the two polymorphs ardiffeeences in
the packing for the amide hydrogen atofilme °C and®N NNR spectra show no
conspicuousness with the DFT predictions of igwropic chemical shifts gbhasel
show good agreement with the experimental spectriihe ones oform IlI, thoud,
show slight deviationbetween experiment and calculationsfit, probably caused by
thermal motion polymorpshlll additionally exhibits slight defects in the form of a
benzene ring, rotated by 180° which is, in terms of NMR solely observable Fthe
ssNMR spectra. Using the signal integrals &d°F DQSQ buid-up curves together
with DFT calculations of the distorted structure we were able to assitfiF algnals and
were able taonclude that the disorder, ia fact,distributed statisticaji throughout the

crystallites.

The fourth compound, NgAI(L -lactatej]. * 6 H20, was crystallized from commercial
Lohtragor? solution and is commonly used in superabsorbers and as cement adfuvant.
inherits the space groupo with one formula unit in the asymmettimit. The crystal
structure consists of two Alflactate) complexes interconnected by three very short
symmetical hydrogen bondsia their half deprotonated hydroxy groups forming a
binuclear [Al(L-lactatej]. complex.These binuclear complexes are arranged in layers,
with only vdWinteractionwithin those In the interlayer space the negative charge is
compensted by Na ions which are additionally surrounded by water to reach distorted
octahedral coordinationThe binuclear complex could only hédentified by the
combination of ssSNMR and DFT predictions due to a signal with very high shift observed
in tH NMR. All other *H predicted shift cover a broad range, while the experiment
shows well resolved signals. This behaviour can be attributed to mobility, which could
not be included into the predictions due to the sheer size of the unithaaligh through
aveaaging of the shifts of each chemical group, it was possible to reach very good

Xii



Abstract

agreement with the experiment#d NMR spectrum as the high number of hydrogen
atoms in the unit cell samples the energy hypersudaffieiently. The3C predictions
fit the experiment very welthe same is the case for the quadrupolar néitNei and?’Al
and their coupling constantEhe low temperature spectrum GNa shovs very good
agreement with the predicted three sites. Whiléfalthe coupling fits the experimén
well the asymmetry shows slight deviations, in line with results of other studies.

The findings in this work, mainly thmvestigations of the differertyypes ofdisorder
using ssNMR and DFT techniqyesmay help future crystal structure solutiong
compoundsexhibitinglarge unit cells

Xiii



Zusammenfassung

Zusammenfassung

In dieser Arbeit wurdemit Hilfe von NMR-Kristallographiefinf Kristallstrukturen von

vier verschiedenen Verbindungen gel6st. Diese reichen von einer neuen Art
anorganischer polymerer  Anionen uber metallorganische binukleare
Aluminiumkomplexe bis hin zu organischen Pharmazeutika. Allen gemeitiaiss sie

zu einem gewissen Grad Fehlordnung in ihrer Kristallstruktur aufweisen, welche durch
eine Kombination von Festkorper nuklearer magnetischer ResonankINIR§ und
Methoden auf Basis der Dichtefunktionaltheorie (DFT) detailliert untersucht wurde.
Letztere Methode umfasste die seamprirische Korrektur von
Dispersionswechselwirkungen und die Berechnung von NRametern auf Basis der
gauge including projector augmented wawethode. Aufgrund der Grol3e der
Einheitszellen der Verbindungen war es wghch diese durch konventionelle
Herangehensweisen, wie z.B. den Superzélliesatz zu berechnen. Deshalb musste auf
einfachere, weniger anspruchsvolle Arten fur die Berechnung zurtickgegriffen werden,
bei denen die Ergebnisse nur auf Variationen einzeheneitszellen beruhen. Mit
diesen konnte sowohl die isotrope chemische Verschiebung der vorhandenen
NMR-aktiven Kerne, als auch die quadrupolare Kopplung von Spin > % Kernen der
Verbindungen vorhergesagt werden. Dies erméglichte eine Zuordnung voreSignal
FK-NMR-Experimenten, die durch die Strukturen ohne Fehlordnung nicht erklart

werden konnten.

Die ersten beiden Verbindungen, die Chalkogengall&#&a:Q11 (Q=S, Se)sind die
ersten einer neuen Art, die polymere Anionen enthalten. Sie kristallisieren isotypisch in
der triklinen Raumgruppep mit einer Formeleinheit in der asymmetrischen Einheit und
zwei Formeleinheiten in der Einheitszelle. Beide Verbindungen bestabheGaQy
Tetraederdi e durch Kondensation komplexe anioni s
Formel "O ausbilden. Trotz der Messung déGa FK-NMR-Spektren bei
141 T war es nur mglich eine Mindestanzahl an drei kristallographisch
unterscliedlichen GaPositionen zu bestimmen, was prinzipiell sowohl zur
Kristallstrukturlosung als auch zu den Vorhersagen durch DFT Berechnungen passt.
Hingegen zeigen die experimentelled®®Cs FK-NMR-Spektren sehr gute
Ubereinstimmung niBerechnungen sowohl BBasis des PBE Funktionals als auch auf

Basis der lokalen Dichtenaherung unter Verwendung zwoth order regular
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Zusammenfaging

approximation Sowohl Experiment als auch Vorhersage zeigen vier Signale fur beide
Verbindungen, von denen die mittleren Beiden im FallSkenids Uberlappe@urch

DFT Berechnungen mit unterschiedlicher Stéchiometrie der Kristallstruktur des Selenids
konnten weitere Signale, die if¥3Cs FK-NMR-Spektrum auftauchen als Defekte
zugeordnet werden. Diese zeigen die Form von zusatzlichen S¢teneh innerhalb

der polymeren Anionenkette und fihren zu einetfS6&e-Ga Bindungsfolge.

Die dritte Verbindung, Idasanutlin, ist ein Arzneimittelkandidat zur Behandlung von
Leukadmie. Es wurden die Kristallstrukturen der beiden Polymorphe | und Ik dien
Raumgruppe®p und0¢ mit zwei, respektive vier Formeleinheiten in der Einheitszelle
kristallisieren gelost. Wahrend erstere Struktur durch Roéntgendiffraktion geldst wurde,
war fur Zweitere NMRKristallographie notwendig. Beide Polymorphe zeigen dasselbe
Dimermotiv bei dem zwei Molekile Uber ihre Sauregruppen doppelt
wasserstoffbriickengebunden sind. Diese Dimere sind in den Kiristallstrukturen
vergleichbar mit Stihlen tGbereinandergestapelt. Déefdohied zwischeklodifikation

I und Il ist eine ABSchichtung dieser Stapel im Fall vdthaselll und einer
ABC-Schichtung bei I. Die Vorhersage der chemischen Verschiebung-vaogigt den
Unterschied in den Wasserstoffbriickenbindungen und die untatiche Umgebung

des Wasserstoffs der Amidgruppe aufgrund des Packungsunterschieds. Waht¥d die
und N FK-NMR-Spektrenund deren Vorhersagiir Form | keine Auffalligkeiten
erkennen lassen, zeigen sich leichte AbweichungetPKlim Fall vonPolymoph III.
AulRerdem zeigModifikation Il eine Fehlordnung innerhalb der Struktur in der ein
fluoro-chloro-Benzolring eines der Molekiile um 180° verdreht ist, was sich irtfen
FK-NMR-Spektren beobachten lasst. Durch die Integrale dieser Signale in \(ertpind
mit °F°F DQSQAufbaukurven und DFT Berechnungen der fehlgeordneten Struktur
konnten alle Signale zugeordnet werden. Zusatzlich konnte herausgefunden werden, dass

die Fehlordnung statistisch innerhalb der Kristallite verteilt ist.

Die vierte Verbindug, NajAl(L -Lactatej]. * 6 H2O, wurde aus kommerziell
erhaltlicher Lohtragoh Losung kristallisiert, die breite Anwendung beispielsweise in
Superabsorbern und Betonzusatzstoff findet. Es bildet eine Struktur in der Raumgruppe
0o mit einer Formeleinheit in der asymmetrischen Einheit. Die Grundbausteine
bestehen aus zw@il(L -Lactde)s Komplexen, @& Uber drei sehr kurze symmetrische
Wassersstoffbriickenbindungen tber ihre halb deprotonierten OH Gruppen verbunden

sind. Diese binuklearen Komplexe bilden Schichten innerhalb derer lediglich
XV



Zusammenfassung

vanderWaalsWechselwirkungen zu beobachtends Im Zwischenschichtraum wird

die negative Ladung durch Neonen ausgeglichen, die zusatzlich von Wasser
komplexiert werden um eine verzerrt oktaedrische Koordination zu erreichen. Die
binuklearen Komplexe konnten einzig durch die Kombination voriNIMKR und DFT
Berechnungen identifiziert werden, dafithFK-NMR-Spektrum ein stark verschobenes
Signal beobachtet wurde. Alle andetehVorhersagen zeigen eine breite Verteilung der
Verschiebungen, wahrend das Experiment klar aufgeloste Signale zeigt. Diese
Diskrepanz ist auf die fehlende Mobilitat in den DFT Vorhersagen zuriickzufiihren, die
aufgrund der schieren Grol3e der Zelle der Struktur nicht in die Berechnung einbezogen
werden konnte. Es war allerdings mdglich durch Mittelung der Verschiebung der
einzelren chemischen Gruppen eine gute Ubereinstimmung mit dem Experiment
herzustellen, da die hohe Anzahl an Wasserstoffatomen innerhalb der Struktur die
Energiehyperflache der Einheitszelle bereits ausreichend abtastet. Sowohl die NMR
Vorhersagen fiit*C als awh die Berechnung der quadrupolaren Kopplungskonstanten
fir 2Na und?’Al passen zum Experiment. In der Tieftemperaturmessung®3am
zeigen sich deutlich drei kristallographisch unterschiedliche Positionen. Wahrend die
vorhergesagte Kopplung fif’Al gut zum Experiment passt, zeigen sich fur den
Asymmetrieparameter leichte Abweichungen, die aber bereits in anderen Studien

beobachtet wurde.

Die Ergebnisse dieser Arbeit, besonders die Untersuchungen verschiedener Arten von
Fehlordnung mit Hilfe von FKNMR und DFT-Methoden kénnte bei zukinftigen

Losungen von Kristallstrukturen helfen, die grof3e Einheitszellen aufweisen.
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Introduction

1. Introduction

1.1 NMR Crystallography

Characterizing the structure of crystalline powders is one of the major challenges in
modern chemistry. In botimew materials and pharmaceutiegiplicationsthe amount

of such samples is growing. Information aboutttireedimensionalstructure of thes
materials is crucial to be able to identify trermsd predict and enhance physical
properties like Emodulus, transparency, the melting point or solubitityherefore
recently significant progress was made in different fields of structural chazattey
namely PXRD?® ssNMR'19 and quantum mechanical simulatiéhHs!4l The
combination of these methods, called NMR crystallograpt§! enables crystal

structure solutions that were not feasible befgr¥;18]

XRD is based owconstructive interference of the diffracteeray beam®n the electron

cloudswhich follows theBraggequation®

CQOEF ¢ _ PPP
where d is the interplanar distance, n is a positive intedlee, wavelength of the incident
wave and—the scatteng angle As the Xray beam penetrates the whole powder sample
due to the relatively weak interaction of electromagnetic waves with matter, the
diffraction pattern is an average ovwbe whole ofit. Additionally, when dealing with
powders, reflex overfacauses a significant loss of accessible informafitverefore,
the information from PXRD is of a loagnge nature, like e.g. the size and symmetry of
the unit cell. For samples crystallizing in higher symmetries like cubic or hexagonal
crystal systemasually a cell can be found by indexing the reflexes. For large cells with

low symmetry this becomes increasingly diffice@specially due to reflex overlamt is

sometimes still feasiblé? 22

To interpret the diffraction pattern, itisportant to know the structure factosdFas it

determines the phase and amplitude ofxthay beams

0 0 PHE

thissums over all atoms j within the unit cell. X, y and z are the coordinates of each atom,

hkl being the Miller indices and f is the element dependent scattering factor
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NMR on the other hand, is sensitive to skrarige environmental effedtke bonding or
packing It is based othe fact that the energy levels of spin up and spin down split up in

strong external magnetic fields called Zeeman effett®24!
@O 1o PP

With [ being the nucleus dependant gyromagnetic ratio tande reduced Planck

constant.

Diff erent effects can be used for structural determination, with the most common ones
being chemical shift, direct dipellipole and quadrupolar interactionBhe former
describes the interaction of external applied magnetic fields with the local field induced
by the electron current at the nucleus positidh.is obviously dependent on the
orientation of the molecule and therefore, the crystallite as a whole to the efitddyal
which results in broad NMR spectra for powdered samples. This can be overcome using
magic angle spinning, where the sample is rotated around an axis inclined by 54.74° with
respect to the external magnetic field to average out all anisotropiop#reschemical
shielding tensor, leaving only the isotropic shield{fkggure 1). The latter cargive
insights into properties like bonding oxidation state and local environment, &frech
resembled in the chemical shift that a resonance experiences. Intensities of resonances
can be used to identify the number of independent crystallographic sttés tie

asymmetric unit cell of®®a compoundds crystal

The dipoledipole interaction, due to it being only dependant on constants and the inverse
of the cubic distance, can be used to measure distances, or distance distributions between

atoms[?¢!
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Figurel: Schematic depiction of the MAS experiment in which a polycrystalline sample is rotated about
and axignclined at the magic angle of 54.74° to the external feld a s p i samdithe gffect ant e
the NMRspectrum this hafkeprinted by permission fro@opyright.comNature,Nature reviews Drug
Discovery,4, pages§55 568(2005)Copyright 2@5 1271

Quadrupolainteractions are an important tool for structure solutions as most the NMR
active nuclei available have a spin > %. These nuclei inhibit a quadropmteent
meaning that the charge distribution is rspmerical which lets theminteract with the
electric field gradient (EFG) at their positiolhis makes quadrupolar nuclei very
sensitive to their direct surrounding and bonding scenario, therefore coordination
polyhedral and numbers are easily accessible structural infornf&tidalidation of
structuremodels is possible through simulatsamsing DFT level calculationsf NMR

parametersyhich areexplained inthe addendun(b.1).

The ombination of thee methods eraes high precision predictions of NMR
parameters of all kinds of compounds for structure valid&figfhand has even be used

to solve structures without the need for diffraction techniéies.
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1.2 Quality of predictions of NMR and EFG properties by
DFT

While the vast majority of chemical elements have at least one NMR active #8tope
we will concentrate o the following, as these were part of the publications this thesis is
based ontH, 13C, 1N, 1°F, 2Na, ?’Al, 8%Ga and*3Cs with focus on the isotropic chemical
shift andfor the latter fourquadrupolaccouplings.To be able to assess the abilities and
boundaries of NMR crystallography and especially DFT predictions of NMR parameters
it is important to have a rough overview about the current stassults in this fieldor

these nuclei which is given in the following

For H it has been shown that thprediction of the ssNMR parameter is in good
agreement with experime(d.g. exemplary Figure 1, left side)d that the chemical shift

is an extremely good indicator of hydrogen bonding in all sorts of stru¢ttitég? !

There is a distinct relatio between length ofhe hydrogen bondnd theisotropic
chemical shift of the bound hydrogen atBfhDepending on the functional used for
calculation, the strength of the hydrogen bonding and therefore the isotropic chemical
shift tends to be overestimat&even though this can also be accounted to thermal
effects not being included in DFT calculatsoi he latter can be overcome by application

of dynamics simulations in cases with fewer attih®! These thermal effects are in
general the main cause of discrepancies between the ssNMR prediction and
measurements due to the fact that light nucleicmnical groups are easily thermally

excitablel*!
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C1C3C6C5C4C2 C8C7C9C10

(a) L .
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Figure 2. Experimental and DFT calculatetd and'3C NMR spectrum ofThymol. Reprinted with
permission fron¥*?! Copyright2012AmericanChemical Society.

Justlike H, 3C NMR predictions are very well evaluated through the vast number of
publications on the topiand are proven to be in good agreement with experiment (see
exemplary Figure 2, right side and(Figure 3),12425% even comparing to liquid
measurements' >4 and many articles coparing quality of the calculatiots'>°! While
calculations of*C NMR parameters have become widely applicable, one main problem

is that for complex molecules a lot of resonances in near vicinity of each other, like e.g.
substituted benzene rings, withi f f er ences i n shift that ar

reliably reproduced with DFT method#.
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Figure 3: Experimental and calculatetC isotropic shifts for L-alanine, LTy r o s i n-glycineend U

Reprinted with permission frof! Copyright 2012 American Chemical Society

15N, in contrast tdH and®3C, is a low abundant nucleé® which results in considerably
longer measurement times. This exptawhy DFT predictions of°N NMR are not as
thoroughly investigated as they are fioe latter There are however plentyr solids®

%5l as well agiquid NMRI®®¢7Tand reviews on the topic availatt&’® It has been shown
that the mean absolute ems of the isotropic chemical shift 6N compared to the
experiment is considerably higher thanf@ when using common functionals like LDA
and PBE but can be reduced by using the KT functiétét! On the other hand it is not
common practice tose a different functional for certain nuclei. Much rather this means

that these functionals can still be improved in terms of their accurati\fpredictions.

19F, as a terminal group in organic chemisisyvery sensitive to packing and therefore

of special interest for NMR crystallograph¥. It is therefore well investigatéd’4 84

and it has been shown in several studies that the linear scaling of the negative calculated
isotropic shielding with ta experimental isotropic shift deviates from the expected slope

of -1 (Figure 4).'884 Additionally, the same behaviour has been observed for

Chlorine!8
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Figure4: Plot of experimental isotropic chemical shift against calcul®edsotropic chemical shielding
of ThF,. Slopes deviate considerably frorh. Reprinted with permission frorf8! Copyright 2018
American Chemical Society

In the case of*Na the isotropic shift range of its usual oxidation state +1 is rather small
and depends mainly on its coordination num#&&¥ On the other hand as a 3/2 nucleus

it has a rather large quadrupolar coupling arakes it therefore interesting for studies
of its surrounding. The DF&mploying investigations mainly focus on inorganic
structures, showing good agreement between experiment and preldi&id# even if

signal overlap is significarft’

27Al is a 5/2 quadrupolar nuclelid which in conjunction with the isotropic shift and
DFT predictions can be used to probe the close surroundingt'¥nd intramolecular
structures?>*3 This has been tested in several stulfes! finding that while loth CSA
and EFG calculations show good agreement with the experiment in mosP@abes,

quadrupolar asymmetry parameter has a rather high error margin in somé*¢age¥!

While Gallium, with®*Ga being a 3/2 quadrupolar nucleus, is not commiomstigated,
there are some studies on the accuracy of DFT predictions of NMR parameters. Some of
these show good agreements with the experiffel¥f! but there are also cases in which

the quadrupolar coupling constants deviiasiderablyfrom the experiment 103l

Data on calculations of the quadrupolar spin 7/2 ndéfes is sparse but shows good
agreement i n prediction of trends, even

only three publications are known to the author up todhay!%% 1% The quadrupolar

7
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coupling for this nucleus is negligible smiéfl,therefore quadrupolar predictions are not
discussed.

With the accuracy that is achieved with these modern DFT calculations it is possible to
achieve investigations that aarely feasiblavith other methods like e.g. XRD. In these
cases, the local character of NMR is used to identify structural features that are rarely
accessible with other methqammely, disorder

1.3 Investigation of disorder using NMR crystallography

Thereare several types of disorder in crystalline so{féigure 5). While in inorganic

solids vacanciesHjgure 5b/c) and substitutional defect&ifure5e) are very common,
solids become more and more prone to dislonat disorder Figure5d & f) the less
spherical their smallest building units become in both geometry and charge. The added
complexity leads to a more intricate enehgyersurface with more local minima, giving

rise to conformational and orientational discrepancies, that can, ultimately, lead to

completely different crystal structurgs®’!

"92000"°0000°0000
9000 @ 00 O 90
2000 92000 000
9000 90000 0000

"99090°0000" 00
90 0000 O
99000 9000 90000
9900 0000 0000

Figure5: Ordered crystalline AB material (ayjth A site vacancies (bjchottky defect (c)listorted A
site (@), ion replacemente] and Frenkel defect (fEach of the shown types of disorder can also occur in

combination with each other.

Due to the fact that NMR is very sensitive to changeseméar vicinity of the nucleus
measured, it is possible to observe the influence defects and disorder not only on the
position they occur but also in the first and also second coordination §3h&i&While

the most obvious impact on the measuremerthe influence on the chemical shift
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(Figure 6), there is also an effect on other NMR parameters, like anisoangyon
quadrupolar coupling$® Furthermore, for gadrupolar nuclei the coupling is dependent
on the symmetry of the charge distribution around the observed nucleus making

quadrupolar nuclei a very powerful tool to investigate disorder in Séifis.

Y,Sn,0,

Y,SnTio,

Y(VII)

YVl

1 I 1 1
400 300 200 100 0 -100  -200
Y 8 (ppm)

Figure 6: 8Y MAS NMR spectra of three isotructural compounds without disorder (to)jieBcation
disorder (middle) and both cation and anion disorder (bott&ejrinted with permission frori3®,

Copyright 2017 Taylor & Francis Online

While in the past it was common to aallste NMR properties througbFT-basedocal
methods using a cluster approaétig(re 7a) advances have led to periodic boundary
conditions being the de facto standemt calculations of solid€®! While for
calculations of nolisordered solids can be carried out just by using the crystal
structures, the procedure to calculate properties of disordered mabedalmemore
complicatedSincethesecalculations arearried out under periodic boundary conditions

a simple replacement of atoms within the unit @dters the stoichiometry of the
compound that ibeingcalculatedTherefore it is necessary to mulgighe original unit

cell along at least one axand hen introduce disorden the now bigger cellKigure

7b & c).This of course adds a lot to the cost of each calculation as each supercell contains

a multiple of atomstte original cell and inhibits less symmey.
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(b) 0099 (c)

............................
........................................

Figure 7. Representation of calculation approaches for disordered solidsthe example of
aluminiumphosphatenolecularapproach using euster ofaluminiumphosphatesaturated by OH groups

(a) defect introduced into the unitcell and therefore altering the stoichiometry (b) and a 2x2 supercell of
(b) with disorder (c) with lower impact on stochoimetReprinted with permission frof#!, Copyright

2017 Taylor & Francis Online

Another problem of such calculations that commonly occur are discrepancies caused by
thermal motion. This is usually taken into account by employing molecular dynamics on
DFT basis to the disordered supercell structuddter the equilibration of the system,

for each step of MD simulation an additional NMR calculation is carried out. Averaging
over the ensemble that is generated by this approach yields the thermal (Boltzmann
weighted) average NMR paramet&f.This obviously not only adds the molecular
dynamics calculation itself on top of the calculations, but it makes additional calculations
of the NMR parameters of each step of the structure in motion necessary. Therefore, this
approach can only be usddr small systems whe using plenty of computational

resource&®

There are numerous studies on defects and disorder in solids tsasg
techniques'®>%112 with topics spanning over the whole reach of solids including
batterie813114 solar cell8811%fuel cell$'1® and even investigations of water within the
earths deep interi¢t®! Another recent developed approach is ab initio random structure
search. This is a method to screendiystal strcuturesf a given compound solely by
computational mass. It generates random unit cells and fills these with an appropriate
number of atoms or molecules of the compound investigated and subsequently geometry
optimizes the resulting structure. In this fashion it scans the energy hypersurface quite
similar tomolecular dynamics, but with the advantage of including variations of the unit
cell'*1 While this is a highly generalized approach it comes at the cost of having to

calculate thousands of structures to sufficiently sample gshectural energy

10
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hypersuréice Therefore, it is highly computational demanding and not a viable option
for large molecules and unit ceffg!*!!

As mentioned before calculations of large disordered sysisimg thesenethodds not
feasible.Therefore, we employed different simplified versionshamwithin this thesis

to solve the structure and the disorder withiesefor three different compounds ranging
from organic pharmaceuticdike ldasanutlin, over metalorganic compounds, like
Nag[Al(L-lactate)] * 6 H20, to inorganic compounds incorporating heavy atoms like
CsGaQ11 (Q=S,Se)In the case of G&aSea1 we usedcalculations ofingle unit cells

while altering the stoichiometry since the defect structure showed an additional Selenide
atom. For ldasanutlin weimulatedsingle unit cells as well, but theecurringdisorder

does not alter the sum formula. Fors[¥d(L -lactate}] * 6 H20 only a single calculation

for the unit cell was carried osincethe unit cellhas a very large volume (188%). We

then used the one of the problems of calculations such big unit cells, namely the high

number of atoms, to sample the energy hypemserby averaging over each chemical
group.

11
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2. Synopsis
This work consists obne manuscript and two publications (see Chapter 3 & 4) dealing
with crystal structure solutienusng an NMR crystallographic approaabf four
compoundsexhibiting five crystal structureghat are all distortedh different ways.
While the structure solution followed the known XRD and NMR approach for powdered
or single crystasampled®118l additional insights into the nature of disorder in these
solids was gained by the combination of DFT calculations and NMR. Due to the size of
the unit cells these compourfdsm, different, less computational demandayproaches

than theones explainechil.3werenecessanywhile retaining the periodicity.

2.1 CsGasQ11 (Q=S, Se)

CsiGaQq1 are the first two compounds of a new class of chalcogenogallates with
polymeic anions. These complement the quzisary phase diagram of Deiseroth and
Hari*'® and add a new phase diagram for the Sulfidic system. Both crystallize
isotypically in the triclinic space groupp and the unit cell comprises of two formula

units,

The six crystallographically independent gallium sites are surrounded by Se or S
tetrahedrally These tetrahedrons are connected to form characteristic anios@e:Ga
double strands. While within the strands the tetrahedrons are mostly connected edge
shaing, the bond between the strands are solely cesim@ring Figure 8). The Ga
tetrahedrons are deformed to varying degree with the least distortion being one site that
is connected only corner sharing . The Cs sites are coordinatgchés within a sphere

of 5.0A.

12
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HGa, Q"]
+
Ga,Q,%]
4 \{
21Ga.Q,.* .Cs
[GasQ,,*] ec:
€Q=S, Se

Figure8: Gas(Qi1 substructure with the polymeric edge sharing chains that are connected corner sharing to
a second chain to form double strar€@i2018Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The recorded'Ga NMR spectra show broad shapes due to the quadrupolar nature of the
nucleus. Experimental fitting yielded at least three different crystallographiclsités.

case of Cg5aS11 (Figure9 left) and CsGaSa (Figure 9 right) the calculated NMR
parameters fof'Ga show potentially good agreent with the experimental spectra, but

the latter lack the resolution to make a reliable statement about the accuracy of the
predictions. It would thereforeavebeen necessary to record spectra at higher fields to

reliably evaluate the quality of the DFpredictions.

13
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Figure9: "Ga QCPMGMAS ssNMR spectra dEs:GasSi1 (left) and CsGasSea(right) measured at a field
of 14.1T with the DFT predictedpectrum( r e d
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The 1¥*Cs ssNMR spectra of bottompoundsCs:GaS11 and CsGasSea1, show four

singl e

signals, even though in case of the latter the signal width merges two if these into a single

signal Figurel0). This fits the four crystallographic independent Cs sites that were found

in the crystal structure solution. &¥lsocompared thé*3Cs isotropic shift yielded by

both LDA and PBE functionals, both while additionally employing the zeroth order

regular approximation, with the experiment. The accuracy of both functionals is very

good with the experiment lying in between the two.

exp. CsyGagSeq;
exp. CS4686511

sim
sim

. PBE
. LDA

450

400

350 300 250 200

8 (*3Cs) / ppm

150

100

Figure10: 1*Cs ssNMR MAS spectra of g3a5;; (bottom) and CsGasSe; (top) with the DFT predicted
isotropic shifts for the functionals PBE (green) and LDA (r&d2018 WileyVCH Verlag GmbH & Co.

KGaA, Weinheim
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Due to tke very good prediction yielded from both functionals weestigated the
disorder incorporated in the Selenide compound. According to the crystal structure
solution this disordeoccurs inthe form of an additional Selenide atom within the GaSe

strand.

Even thoughCs4Ga®er: is the smallest compound in terms of number of atoms and
unit cell investigated within this thesis, it is already too lanmgye therefore computational
demandingto be able to employ the super cell approach. Therdfoeesalculatns for

the disordered structureeremodelled using one and two of taBbrementionedefects

within a single unit cellresulting ina stoichiometryof Cs4Ga6Sa s and CsGasSe,
respectively Even though this is a rather simplistic approach, thisledals toassign

the additional signals that occurred in the experimental spectrum ofdieaide
compound Figure1l). The simulations show a downshift in the ppm efgr the Cs

site at 24(Qopm independent of the employed functional. We were therefore able to
concludethat the small signal at ~24m is caused by a single defect per unit cell while

the additional signal at ~14fpm might be caused by a double defedt cell. It has to

be noted though, that this approach does have its limits. The calculations are only able to
give trends for the isotropic shifts and
It therefore remains uncertain if the additaeignal at 140ppm is actually caused by the
defect or by something else, since none of the calculations show a downwards shift that

strong.

—  exp. Cs4GagSey;
| | sim. PBE
| | sim. PBE (ein Defekt | EZ)
sim. PBE (zwej Defekte / £2)
| | sim.LDA
sim. LDA (ein Derext / £2)

. LDA (zwei Defekte /| EZ)

350 300 250 200 150 100
& (*£Cs) / ppm

Figure 11 3%Cs ssNMR MAS spectra of ¢3a;Sa; with the DFT predicted isotropic shifts for the
functionals PBE and LDA for different (nguefect configurations of the structu@.2018 WileyVCH
Verlag GmbH & Co. KGaA, Weinheim
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2.2 Idasanutlin

Idasanutlin Figurel12) is an active pharmaceutical agent that serves as antagonist to the
MDMZ2 binding receptors. This makes it interesting as a potential drug tddigteemia
During our studies of the crystal structures besides of differeatystalsincorporating
solvents we found twpure polymorphs,form | and Il being(meta)stable at ambient
conditions.Due to the lack of ainglecrystal structure solution ahodification Il we

solved the structure during this project using a combination of PXRD and NMR
spectroscopy In the meantime,though, a single crystal solution became available
through a cooperation partner whistoved our solution correct and to whisle resot

to in this work due to the higher quality of the solution.

CO,H

Cl

Figurel2 Structure of Idasanutlin

In both crystal structures two molecules form a dimer through double hydbogeis
realized over their acid grou&igure13a&b). These dimers are then stacked in a chair
like manner on top of each oth&igurel3c) forming rods which are then arranged in a
brick like manner. The difference pblymorphl & Il is the arrangement of these rods.
While in phasd these are stacked in an ABC like layering where each layer is shifted by
1/3towards the underlyindgorm Il exhibits an AB like stacking where the second layer

is shifted by 1/3 as well, but the third layer is then shifted backA3yto form an AB

like structure. Besides this the differences between the two are minor, with the main
difference being that the hydrogen bonding between the dimers is symmetric for
polymorphl while it is asymmetric fophasdll. Additionally, the latterexhibits disorder

in its crystal structure where a fraction of @ one of the molecules benzene rings is
rotatedby ~180°.

16
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Figure13: Packing scheme dbrm | and Il of Idasanutlin with the scheme of a single molecule (a), the
scheme of a dier (b), the chair like packing of those dimers (c) and the brick like arrangenfennaf
and 11l (d)

The crystal metrices of botiformlare=6 . 525 b=12.926 ¢=18. 359
and o s Whle fard Ml exhibits a=26.000 b=18.568 =6 . 494 anla H=91.
contrast to the noesymmetric triclinic structure of polymorph I, polymorph Il
crystallizes inthe monoclinic space group2; with a unit cell double the size of the
former.This leads to the fact that the unit cells inhibit twol@cules in the case phase

| and four inmodificationlll . To accommodate for the disordepiolymorphlll and due

to the sheer number of atoms in the unit cell of this compound, we again employed a
simplistic approach of additionalPFT-calculating aunit cell incorporating the rotated
benzene ring. This also implies that we were not able to conduct molecular dynamics and

therefore no motional effects on the predicted NMR parameters are included.
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The case study of Idasanutlin clearly illustratesithgortance ofH NMR spectra for
NMR crystallography. While the packing of the two polymorphs merely differs, there
are distinct differences observable in both the spectra and DFT predictiorierrizdr

the hydrogen bonding of the dimer structure onlyngha single signal, pointing towards
symmetrical hydrogen bonding, whereasfianm Il two signals show up indicating an
asymmetrical hydrogen bonding pattern. The second distinct feature that can clearly be
assigned are the signals of the amide group®in polymorphs, where imodification

| two resonances and phaselll a single resonance is predicted by DFT and observed
in the spectraBesidegheH ssNMR DFT predictions span over rather broad ranges for
each chemical group, while tepectrum shows well resolved signals. This is especially
true for highly mobile groups like GHWhile molecular dynamics simulations would
most definitely have improved the quality of the DFT predicismentioned before this
was not possiblelhe lackof motion in the calculation might also explain the very broad

distribution of the signals in general.

| CHa CH

| NHCO | OCHs
CHs NH
arom. H | COOH

Form IlI

I Il Ly 1
6 14 12 10 8 6 4 2 0 -2
& (*H) / ppm

Figure14: 'H ssNMR spectra dbrm | (top) and 1l (bottom) with DFT simulated shifts coloured by their
corresponding chemitaroup. Small bars below the spectrum fidrm 1l belong to the disordered

structure.

As stated inchapterl.2 the 3*C ssNMR for this compound mostly serves a fingerprint
due to the high number of carbon atoms in the asymmetricTinat3C ssSNMR spectra

and DFT predictiongFigure 15) showa number of 60 resonances predictedDyT.
Especially the lower ppm region, containing thesCGthd CH groups, shows broad
regions of signals due to packing, which are averaged in the experimental spectrum due
to the high mobility of the isopropargroup. Furthermore, the regions betweetv®0

and 116135ppm yield significant overlap for both experimental and simulated signals.
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The GF and CBr signal groups both show an overestimation of the isotropicsshift
has to be noted thaalculationgor carbon atoms bound to heavy elements like bromine
should include relativistic effects if possitté’] On the other hand, the amide and acid

carbon show very accurate predictions from the DFT simulation.

CH CHs
arom. C | COOH | CHs | OCHs
| CN | NHCO | g C
cal COCH, Form |
CF
] | |
Form 1l Form I
L 1 [ L L1 | M |
190 180 170 160 150 140 130 120 110 100 70 60 50 40 30 20
§ (YC) / ppm § (3C) / ppm

Figurel5: Low (left) and high (right) field regions of th&C ssNMR spectrum dbrm land Il with DFT
simulated shifts coloured corresponding to their chemical gi®onall bars below the spectrumfofm

Il belong to the disordered structure.

As expected, thé®N NMR spectra of Idasanutlin show three chemical groups. In the
spectrum ofpolymorphl, the amide andecondary amingroup split up noticeably due

to packing effects. Fomodificationlll this splitting is smaller for the amide, as was
expectedconsideringthe *H NMR, while the secondary amingroup shows larger
difference in packing. ieDFT predictiongor **N of form | show good agreement, while
phaselll does show differences in the splitting of the cyano gr@itigure 16). These
differences are on the other hand well within the error margin of the method and could

just as well be caused by dynamic effects or by the defectusteu
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| NHCO

| CN

H Form |

Form 111

Il |
~100 -150 -200 -250  —300 —350  —400
6 (**N) / ppm

Figurel16: N MAS ssNMR spectrum dbrm | and Ill of Idasanutlin with DFT predicted chemical shifts
coloured according to their chemical groufsnall bars below the spectrum fafrm Il belong to the

disordered structer

The!®F NMR spectra show three signals form | and a nosrivial spectrum fophase

Il (Figure 17). Deconvolution of the latter yields seven signals with integrals ranging
from 0.08 up to 1.32. This shows the disorder within the structure, that affecittbe
fluorinated benzene ring3.he shift predictions, sawas stated inchapterl.2, show
systemat deviations from the expected valu&his is also observable for the prediction
of modification| & Ill of Idasanutlin Figurel17). The splitting of all signals is larger
than in the experiment and itégearthat a smaller scaling factor would lead to a perfect

fit of the prediction.

Figurel17: °F MAS ssNMR measurement fofrm | and Ill of Idasanutlin with DFT predictions coloured
according to the Fluorine position on the benzene rings and integrals of the exp. signals. Small bars below
the spectrum ofform Il belong to calculation of the disordered structure.fBon Il the exp signals are

numbered from highest to lowest ppm value
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