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Abstract

Solvothermal Methods for the Synthesis of Structurally Diverse

Extended Materials

by

Beatriz Ehlke Santi Grott

This dissertation will present three different variations of solvothermal
methods for the obtainment of distinct classes of extended materials: the
ionothermal synthesis of metal-doped nanoporous aluminophosphates, the
hydrothermal synthesis of cationic coordination polymers, and the solvothermal
synthesis for the crystallization of racemic polypeptide mixtures.

Chapter 1 introduces the field of metal-doped nanoporous
aluminophosphates, a class of zeolitic material commonly used as catalysts in
the petrochemical industry. The history that led to the development of these
materials, their unique chemistry, and their synthetic details are discussed.
lonothermal synthesis is presented as an alternative to the usual hydrothermal
method, and its concepts and advantages are detailed. The last section of this
chapter is a literature review presenting — to the best of our knowledge — all the

current reports of MAPOs synthesized via the ionothermal route.
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Chapter 2 explores the ionothermal synthesis of AIPO4-5 molecular
sieves and the doping of its inorganic framework with Mn?* or Ni?*. The ionic
liquids diisopropylimidazolium bromide (DIPI) and diisobutylimidazolium
bromide (DIBU) were used as both the solvents and structure-directing agents,
and HF was used as the mineralizer. Varying amounts of water, metal, and HF
in the medium led to either AFlI, cristobalite, or tridymite framework structures.
The product’s phase(s) were determined by powder X-ray diffraction (PXRD).
Further structural insights were obtained by studying the coordination of AI**,
P5*, and F- by solid-state nuclear magnetic resonance (SS-NMR) spectroscopy.
Electron paragenetic resonance (EPR) spectroscopy and X-ray absorption
spectroscopy (XAS) were used to investigate the metal incorporation in the
framework. AIPO4-5 and MnAPO-5 phases were isolated. Although there was
no evidence of NiAPO-5 formation, the presence of Ni?* in the reaction medium
affected the phase selectivity. Lastly, the thermal stability of the products was
determined by thermogravimetric analysis (TGA).

Chapter 3 describes the hydrothermal synthesis and single-crystal
structure of the novel phase SLUG-53 [Ag(2,4'-bypiridine)NOs]. Close
examination of PXRD and single-crystal X-ray diffraction (SCXRD) data reveals
the material behaves as a soft-porous crystal, as temperature perturbations led
to anisotropic distortions of the unit cell. SLUG-53 undergoes an anion
exchange reaction, where the nitrate ions are replaced by perrhenate, a

surrogate for the radioactive and hazardous ion pertechnetate. The structure
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of the resulting material, the novel SLUG-54 ([Ag(2,4'-bypiridine)ReO4]), was
also elucidated by SCXRD and revealed that an 8-membered inorganic ring is
formed between perrhenate ions and two adjacent chains of polymeric Ag-2,4'-
bipyridine. Kinetics studies showed that the exchange reaction follows a
pseudo-second-order mechanism. The data was fitted to the Langmuir model
to reveal that SLUG-53 shows a superior adsorption capacity of 764 mg ReOa/g
SLUG-53.

Chapter 4 presents the first high-resolution crystal structure study on the
rippled B-sheet formation predicted in 1953 by Pauling and Corey to occur in
racemic polypeptide mixtures. While other predictions of these scientists have
now become textbook knowledge, such as the pleated B-sheet, the then
theorized rippled arrangement was yet to be deeply investigated. The study
presented here describes the solvothermal obtainment of [FFF.fff], where
L,L,L-tripenhylalanine and D,D,D-triphenylalanine polypeptides strands were
found to form dimers in an antiparallel rippled configuration for the first time.
Such dimeric units are then further arranged in a herringbone fashion.
Ramachandran angles were investigated for [FFF.fff] and three other racemic
proteins presenting rippled motifs, which were selected after extensive
database mining.

Chapter 5 presents a summary and describes future lines of

investigation for each of the three projects discussed in this dissertation.
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Chapter 1 - Introduction to the ionothermal synthesis of

metal-doped aluminophosphates

Abstract

Aluminophosphates (AIPOs) are a class of zeotype materials where
phosphorus atoms replace the silicon in the aluminosilicate framework of
zeolites. The further isomorphic substitution of AI** centers by M?* metals leads
to metal-doped aluminophosphates (MAPOs). Due to charge considerations,
MAPOs present Bransted acid sites, which can be tuned by the degree of M?*
doping. This tunable acidity, combined with their structural and porous
versatility, makes MAPQOs promising candidates as catalysts for a wide range
of reactions, especially in the petrochemistry industry.

The synthesis of MAPOs (and zeolitic materials in general) is a complex
process, with many moving pieces challenging synthetic control. The chemical
source of the reagents used, pH, temperature, reaction time, mineralizer,
structure-directing agent (SDA), solvent, and the molar ratio between all the
reagents significantly impact the synthesis outcome. A particular issue is the
competition that may arise between SDAs and the solvents, which can hinder
formation of the framework target at the outset of the synthesis.

Much progress has been made in developing procedures to overcome

the SDA/solvent competition in recent years. One of the most promising



strategies is ionothermal synthesis, a solvothermal method variation where an
ionic liquid (IL) is used as the solvent. The bulky organic cations present in the
majority of ILs show structure-directing properties. Therefore, ILs serve as
solvents and organic structure-directing agents (OSDAs), eliminating the
competition described above. Furthermore, ILs are also easily purified and
reusable, possess inherent low vapor pressure and viscosity, and are greener
alternatives to volatile or toxic traditional organic solvents. All these
characteristics make ILs of great interest for industrial applications, as they
allow a cheaper, greener, and safer synthesis.

This chapter introduces the structural features that make MAPOs unique
materials for industrial catalytic applications. A detailed description of
solvothermal synthesis is presented, including its variations (hydrothermal and
ionothermal). The last section of this introduction discusses — to the best of our
knowledge — all the current literature reports of MAPOs synthesized via the

ionothermal route.

1.1 Zeotype materials

1.1.1 Zeolites

In 1753, the Swedish mineralogist Axel F. Cronstedt described the
unique behavior of an unknown mineral that would show frothing when
submitted to a flame. In his publication, Cronstedt named the material, now

believed to be stilbite (STI), zeolite."? More than 250 years later and zeolites



are now used in several industrial applications. As of 2022, this market is
valued at US 4.28 billion, and it is expected to be at US 5.71 billion by 2029.3

Zeolites are crystalline porous materials composed of tetrahedral TO4
units, where oxygens bridge the adjacent T atoms. Although many
compositional variations will be described in this chapter, zeolites were
originally regarded as pure silicates or aluminosilicates. Their chemical
structure is described as Awn[Si1-xAlxO2]-mH20 (where A is a metal with charge
n). 4% The tetrahedral building blocks can be arranged in different ways,
creating frameworks with diverse dimensionality and porous structure that may
contain features such as cages, cavities, channels, and windows. The
versatility of TO4 building blocks leads to several unique frameworks. To date,
the International Zeolite Organization (IZA) recognizes 248 different zeolite
frameworks in its database. # ©

The concept of tiling is commonly used to better illustrate the complex

structure of zeolites and to describe each framework unambiguously. In simple

@ The international Zeolite Associations uses three capital letter codes to refer to unique
frameworks topologies of zeolite materials that refers to the abbreviation of the materials.®
Some examples:

Code Abbreviation Full name

DFO DAF-1 (one) Davy Faraday Research Laboratory - one

DFT DAF-2 (two) Davy Faraday Research Laboratory - two

ITE ITQ-3 (three) Instituto de Tecnologia Quimica Valencia - three
AFI AIPO4-5 (five) Aluminophosphate-5

MFI ZSM-5 (five) Zeolite Socony Mobil - five



terms, a tile is a cage whose faces can be described as [M™.N"...], where m
and n are the number of faces in the tile that are M-rings and N-rings and so
on. For example, the t-bru tile represented in Figure 1.1 is composed of two 4-
membered rings (M = 2; m = 4) and four 5-membered rings (N = 4, n = 5) and
can be described as 42.5* Figure 1.1 further describes the other tiles in the STI
framework and how they build the final zeolitic framework. The description of
zeolite in terms of tiling is important as one can mathematically understand the
topology of specific frameworks regarding the location and size of cavities,
channels, and windows. Furthermore, unique frameworks that contain common
tiles may present structural similarities and, consequently, use similar synthetic
templates. It is possible, therefore, to investigate synthetic strategies for

potential new frameworks that were hypothesized purely mathematically.’
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Figure 1.1 Scheme showing the tiling built of pure silica zeolite STI. (a) All
individual tiles presented in the STI framework and their [M™.N"...]
identification; (b) Tile arrangement in the STI structure; (¢) STI framework.
Each vertex represents a S| atom. The b bridging oxygens are omitted for
clarity. Adapted from the IZA database.®

Zeolites’ structural diversity allows them to be used for several
applications, including catalysis and photocatalysis,® sorption®'" and carbon
capture,'>"3 anti-corrosive coating,’*'> and — due to their non-toxicity and

biocompatibility — tissue engineering'®'” and drug delivery.'®'% Such a wide



range of applications has led the scientific community to explore further

materials possessing structural frameworks analogs to zeolites.

1.1.2 Aluminophosphates

Because the original definition described zeolites as pure silicates or
aluminosilicates, the term zeotypes or zeolitic materials is commonly used to
refer to materials that are analogs to zeolites. The term was first used to
describe aluminophosphates (AIPO), zeolite analogs where the silicon atoms
are substituted by phosphorus.?-?? Although many other structures are now
considered zeotypes, such as gallosilicates,?® gallophosphates,?*
gallogermanates,?® borosilicates,?® and zincophosphates,?” AIPOs are the most
investigated ones, and IZA recognizes more than 50 frameworks to date. They
present much higher thermal stability than most zeotypes and their AI** centers
can be directly substituted by divalent metals, which opens several possibilities
in the field of catalysis.??

Aluminophosphates were first described in 1982 by the Flanigen group
at Union Carbide Corporation. In their seminal work, the authors described
twenty AIPOs-n structures, some of them presenting novel topologies such as
AFI framework.2" Similarly to zeolites, AIPO frameworks consist of alternating
Al- and P-centered polyhedral, each bridging to the other through oxygen. In
AIPOs, there is a strict alternation of Al and P centers, no Al-O-Al being allowed

due to Lowenstein's rule, which states that “whenever two tetrahedra are linked



by one oxygen bridge, the center of only one of them can be occupied by
aluminum; the other center must be occupied by silicon, or another small ion of
electrovalence four or more, e.g., phosphorus. Likewise, whenever two
aluminum ions are neighbors to the same oxygen anion, at least one of them
must have a coordination number larger than four, that is, five or six, towards
oxygen”.?8 The rule is valid for both aluminosilicate zeolites and AIPOs. In the
latter, however, the existence of phosphorus in the framework allows unique
coordination chemistry of the aluminum atoms.

Aluminum has more coordination modes with oxygen in AIPOs than in
zeolites. It can form tetra - AlO3p(OH), AlO4, - penta - AlOsp, AlO4,(OH), or
hexacoordinated - AlO45(OH)2, AlO45(H20)2, AlO45(OH)(H20), AlOs,(OH), AlOeb
— spheres (b = bridging). In zeolites, aluminum strictly tetracoordinates. The
fact that phosphorus, the other building block of AIPOs, also has a rich
coordination chemistry, being able to form POap, PO3,0t, PO2,02t, and PO, O3t
species (b = bridging; t = terminal), explains the structural versatility of these
materials.®

The new chemistry introduced by phosphorus atoms led to many
interesting findings. Novel structures not yet observed for pure silica or
aluminosilicate materials have been obtained. AIPO4-5 (Figure 1.2) was the first
material with AFI framework, its pure silicate version (SSZ-24) only being

reported years laters.2%:30
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Figure 1.2 Structure schematics of AIPO4-5. (a) View along [100] detailing
the 4-, 6- and 12- membered rings; (b) View normal to [001] showing the
channel formed by the 12-membered rings; (¢) Tiling construction of the

framework; (d) Tile arrangement. Adapted from the I1ZA database.®
AIPO4-5 contains three different ring sizes comprised of 4, 6, or 12
tetrahedral atoms. A 1D channel with a diameter of 11.3 A is formed parallel to
the crystallographic c-axis by the 12-membered rings. Computational geometry
was used to elucidate the pore availability for the introduction of guest
molecules. After considering physical dimensions as well as electrostatic

interactions, it was concluded that the maximum diameter of a sphere that can

be inserted in the channel is 8.3 A while the maximum sphere diameter for



diffusion is 7.36 A.3' These values are important when considering the
confinement effects that will be discussed later in this section.

Another crucial feature arises from replacing the Si** with P5*. While
aluminosilicate zeolites possess naturally negatively charged frameworks,
aluminophosphates are neutral, as shown in Figure 1.3. When it comes to
metal doping, it has been shown that only M** and M*" cations can be
introduced into zeolite frameworks. In AIPOs, however, doping is possible with

M2+, M3*, M#*, and M5*.b. 22
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Zeolites Aluminophosphates
Negatively charged frameworks Neutral frameworks

Figure 1.3 Comparison between aluminosilicate zeolites and
aluminophosphate tetrahedral building blocks and the overall charge of the
respective frameworks.

b Some few exceptions of the insertion of M?*in zeolites®273> and M* in AIPOs3*3” have been reported.??



1.1.3 Metal-doped aluminophosphates for catalytic applications
Metal-doped aluminophosphates - MAPOs — are largely used in
catalysis®**-2 mainly due to their Brensted acidity tunability, which is achieved
by isomorphically substituting AI** with M?* metals ions.® A Brgnsted acid can
be defined as a proton donor. As exemplified in Figure 1.4, a less positive site
is created when an M?* replaces an AlI**. The oxygens binding to such site will
now withhold more of its electrons, creating a partial negative charge. Protons
from the media will then loosely bind to the oxygens, and therefore MAPOs act

as Brognsted acids.

(0] (0]

O\\P/O 0\\P/o
\ \
A|3+ |\|/|2+
O/| \O O/ | \O
o (o}

Figure 1.4 Origin of the Brgnsted acidity in MAPOs.

The acidity of zeotypes will heavily depend on the chemical environment
of the acid sites, namely bond angles and lengths, as well as the electrostatic
potentials in the coordination spheres, and it has been shown that MAPOs may

show higher acidity tunability than their respective zeolite analogs. In metal-

¢ Note on abbreviation. AIPO is used to refer to aluminophosphates. When aluminum atoms
are substituted by M?* metals, the compound is referred to as MAPO. It is possible to be more
specific and use NiAPO for Ni?*, MnAPO for Mn?*, etc. The number in the abbreviation refers to
the type of IZA framework: -34 refers to CHA , -5 to AFI, etc. For example, MnAPO-5 is an
Mn?*dopped aluminophosphate with AFI framework.
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doped zeolites, the acidic site will only present Si atoms in its first coordination
sphere due to Lowenstein's rule. In MAPOs, this first coordination sphere can
also contain P atoms. By controlling the first and second coordination spheres'
composition, it is possible to also control the acidity.

The confinement effect is another essential feature of zeotype materials
that makes them great catalyst candidates. For a successful reaction, the
reactant must be able to access and adsorb onto the acidic sites. Therefore,
the porous structure of the catalysts, namely the pore size, geometry, and
electric field inside the pores, is of great importance in the process. These
features will ultimately rule the enthalpy and entropy of the adsorption as they
control both the rotational freedom of the adsorbed species and intermediates
of the reaction as well as the degree of van der Waals and electrostatic
interactions that hold such species in place.*?

Due to the shape selectivity, some framework types will preferably
produce certain products than others. For example, SAPO-34 (Figure 1.5), an
aluminophosphate with CHA topology, presents high selectivity (>80%) for the

production of ethylene and propylene in MTO (methanol to olefin) reactions.**
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Figure 1.5 Scheme representing an MTO reaction over SAPO-34 catalyst.**

MTO is a type of MTH (methanol to hydrocarbon) reaction, invented by
Mobil Corporation in 1977.4546 As shown in Figure 1.6, the reaction consists of
obtaining olefins from methanol, which can be sourced from CO- capture*’,
biomass waste,*® and natural gas,*® and coal.®® MTO reactions are, therefore,
a route to obtain petrochemicals from a non-oil source. Although much debate
exists on the mechanism of MTO reactions,*35'-% two important features in a
catalyst are agreed to be key for a successful process: shape selectivity and a
source of protons. Hence MAPOs presenting Brgnsted acidity are great

candidates for this role.
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Figure 1.6 Methanol to Olefin (MTO) reactions.

1.2 Synthesis of MAPOs

1.2.1 Solvothermal methods

Solvothermal synthesis can be defined as “the synthesis by chemical
reactions of substances in a sealed and heated aqueous solution or organic
solvent at appropriate temperature (100-1000°C) and pressure (1-100 MPa).”56
These reactions are usually held in Teflon-lined stainless-steel containers,
commonly referred to as autoclaves, which are introduced to an external
temperature source. Because the autoclaves are sealed, autogenous pressure
is created. The magnitude of the pressure depends on the percentage to which
the autoclave is filled with the reaction mixture.>® Figure 1.7 details this

phenomenon for a system using water as the solvent.
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Figure 1.7 Autogenic pressure generated in a hydrothermal system as a
function of the temperature and the filling parameter.%®

The physicochemical properties of both the solvents and the precursors
greatly affect the success of the solvothermal process. The solvent-precursor
pair choice is crucial, as it directly influences the kinetics of the crystallization.
The dissolution of the precursors and the distribution of the species in the
solution dictate their availability to nucleate and later feed the crystal growth.
Furthermore, solvation of the precursors may occur, changing their
coordination spheres and possibly their reactivity.®” Water is the most used
solvent in these reactions, as it cheap and environmentally-friendly.5® When the
solvent is water, the process receives the specific name of hydrothermal

synthesis.

14



The high temperature and pressure environment of solvothermal
reactions are commonly referred to as subcritical conditions. Under such
conditions, the solvents being used will present unique psychochemical
properties. Water, for example, presents lower viscosity, density, and surface
tension as well as higher vapor pressure, and ion product. Figure 1.8 further

details the behavior of water under subcritical conditions.%®

11525 5 10 25 50 100 kb

1000

800 [

600

Temperature, °C
-

? v 10 s

D)

——> plkbar]
2

Gas-liquid

Gas-solid T
0 g P.
L 2 L 1 "

0.0 0.5

1 1 1 1 1 ]

100 200 300 400 500 600 700 800
Density, g/cm? — T[°C]

Figure 1.8 Physicochemical properties of water under subcritical conditions
present in hydrothermal methods. Left: density as a function of temperature
and pressure; right: dielectric constant as a function of temperature and
pressure.56

The synthesis of zeolites via the hydrothermal route was beautifully
discussed in a review by Cundy and Cox.%® The authors provided extensive
literature data that suggests zeolite crystallization follows the classical
nucleation theory for precipitation reactions, which is also believed to be the
same general mechanism for AIPO formation.® By this theory, the period from

the start of the reaction until the appearance of the first crystal (induction period,

15



7) can be decomposed into the relaxation time (t;), nucleation time (tn) and
growth time (tg), as shown in Equation 1.1.58:60
T=t+th+ tg (1.1)
The relaxation time contemplates the very first physical and chemical
changes following the act of adding the reagents to the mixture and include
processes such as the dissolution of the starting materials, their distribution in
the medium and the time that it takes for them to reach the system’s
temperature. Several studies, however, suggest that t. can be further
decomposed into a primary and secondary amorphous phase. The secondary
amorphous phase is composed of a pseudo-steady-state intermediate. In this
stage, there is a local organization of the reagents and the formation of
aluminum and silicate tetrahedral subunits. Additionally, these subunits start a
preliminary organization around templating groups (which will be discussed
later in this chapter). It is important to emphasize that although structural order
is observed at this stage, it is only local, and no extended periodic structure is
yet observed. Therefore, the bulk phase is still amorphous at this point.5®
The next step in the crystallization process regards the nucleation period
(tn, Equation 1.1). The high temperatures and pressures of solvothermal
methods allows for supersaturation, which is one of the driving forces for the
nucleation onset. The subunits formed during t- are dynamically interacting to

each other, constantly forming and breaking aggregates — or nuclei — of radius

16



r. Only nuclei that reach a critical radius rc will further grow into crystals.

Equation 1.2 described r. for a spherical 3D nucleus,

2wy,
Y, = ——
¢ kTIn(S)

(1.2)
where w = molecular volume, ye = surface energy, k = Boltzmann constant, T
= temperature, and S = supersaturation.®’

The nucleation phenomenon can be further understood in terms of free
Gibbs energy (Figure 1.9). When a subunit moves from the solution to an
aggregate, a decrease in its free energy observed, which has a r® dependence
(cohesive energy, AG, in Figure 1.9). However, the newly formed nuclei will
present an increase in its free energy, which in this case is dependent on r?
(surface energy, AGs in Figure 1.9). When r = r;, the formation of a stable
nucleus is energetically favorable, as the cohesive energy in forming a
continuous motif is enough to outweigh the one necessary to split the nucleus
into several smaller agglomerates. The nucleation rate can therefore be defined
as the rate of formation of agglomerates with r = r;.586981 For zeolites, rc usually

varies between one to eight unit cells.??
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Figure 1.9 Free Gibbs energy (AG) diagram for the nucleation process in
terms of nucleus radius (r). AGv = cohesive energy; AGs = surface energy;
AGc = critical energy; rc = critical radius.®

After nucleation, the crystal growth period (ty in Equation 1.1) takes
place. There are many models in the literature to explain the mechanism by
which a certain crystal will grow, including surface energy theories, adsorption
layer theories, kinematic theories, diffusion-reaction theories, and the birth and
spread model.?° For zeolites, the adsorption layer model, also known as the
Gibbs-Volmer theory, is the most accepted mechanism for crystal growth.%®

According to this thermodynamic model, when solute particles are in the
interface of the crystal nuclei and the bulk solution, they will present a lower
degree of freedom and diffuse on the surface of the nuclei, forming an
adsorption layer that is in equilibrium with the solution. The particles will only
adsorb to the crystal faces at active sites, which are optimal adsorption sites
where the attraction forces are greater. This model was further elaborated by

Kossel, who presented a more realistic crystal face containing not only flat

18



layers but also edge and layer vacancies, kinks, steps, and self-adsorbed
growth units, which allow the crystal growth to occur simultaneously at different
locations in the surface. The kinks were determined to be the preferred sites
for the adsorption of solute particles, therefore greatly affecting the crystal
growth rate.58:60.63,64

In a typical MAPO synthesis, the initial mixture to be placed in the
autoclave consists of the inorganic precursors (aluminates, phosphates, and
divalent metal salts), a solvent, a mineralizer, and a structure-directing agent
(SDA). Besides the composition of the gel itself, pH, temperature, and reaction
time also influence which of the hundreds of possible frameworks will be

obtained.>®

1.2.2 Mineralizer and the role of pH

The pH at which the synthesis of zeotypes materials is carried is of
extreme importance. Because silica is more soluble at higher pH, the synthesis
of zeotypes containing a large fraction of Si is usually carried in alkaline media
with the presence of OH" ions. The higher mobility of Si in these conditions
allows it to move out of the initial gel phase and form Si-O-Si bonds, feeding
the growing crystals. A limitation of this approach, however, is that many
transition metals will form inert hydroxide compounds at higher pH. The
obtainment of metal-doped zeotypes in basic conditions is, therefore, more

challenging than obtaining pure or rich silica materials.>®
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An alternative strategy is using HF in the synthesis, a process commonly
referred to as the “fluoride route.” In this methodology, the F- acts as a
mineralizing agent by forming hexafluoro complexes with Si. Such complexes
are highly soluble, and their superior mobility facilitates the Si-O-Si formation.
59.65 In order to understand the role of HF in the crystallization process of AIPOs,
it is common to employ SS-NMR spectroscopy to monitor the coordination
environments and condensation degrees of '°F, 2’Al and 3'P. For AIPO:-5, it
has been shown that the formation occurs in a multi-step fashion. Before
hydrothermal treatment, the initial amorphous gel is composed of Aliet-O-Ppar
and F-Aloct-O-Ppar units (tet = tetrahedral; oct = octahedral; par = partially
condensed) as well as unreacted Al sources. Evidence of crystallization is
obtained by the appearance of two microdomains: F-Alpen-O-Psu and Aliet-O-Prul
(pen = pentacoordinate, ful = fully coordinated). As the reaction proceeds, the
condensation degree of phosphorous species increases. The partially
condensed units of the initial amorphous gels are replaced by fully condensed
Aliet-O-Pyy.%8

In some contexts, F-is considered a better mineralizer than OH- as some
structures can only be obtained via the fluoride route. Furthermore, HF can
directly affect crystallization process. Due to its ability to lower the
supersaturation of the medium, crystal growth is favored over nucleation. For

example, when SAPO-34 is synthesized in the presence of fluoride, fewer but
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bigger crystals are obtained if compared to syntheses using OH" as the

mineralizer.t”

1.2.3 The OSDA and the solvent competition

Structure-directing agents are critical in the synthesis of zeotypes
because — as the name suggests — they may represent the key to obtaining a
particular desirable framework. Although many factors influence the complex
crystallization of aluminophosphates - such as the mineralizer,686° pH, 70.71
AI/P/M (M = doping heteroatom) ratio,’>’® and temperature and reaction
time’475 — organic structure-directing agents (OSDAs) are generally regarded
as the most important factor in the successful obtainment of a certain
framework.”®

The concept of organic molecules aiding the crystallization of
aluminosilicates was first introduced by Barrer and Denny in 1961.7” Their work
describes the use of methylammonium hydroxides for the obtainment of zeolitic
materials. The methyl-substitution degree of the ammonium hydroxides (from
mono- to tetra-substituted) influenced the obtainment of different zeolitic
phases (FAU and LTA) and other mineral phases (bayerite, mica, harmotome,
boehmite, sodalite, and montmorillonite). The authors discussed how the size,
shape, and concentration of the base used greatly dictated which structure
would be formed. Therefore, this work is considered the first study on organic

structure-directing agents.’®
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The pioneering work of Barrer and Danny revolutionized the field. Two
of the most important zeolites used nowadays in industrial catalysis, Zeolite
Beta,”® and ZSM-5,2° were first synthesized using tetraethylammonium and
tetrapropylammonium, respectively. The origin of the whole field of
aluminophosphates can also be linked back to the discoveries of OSDAs, as
the syntheses of the first AIPO materials?! were aided by using organic amines
and quaternary ammonium salts.”®

It is important to point out, however, that other chemical species are
commonly referred to as structure-directing agents. For example, alkali
inorganic cations such as Li*, Na* and K* not only counterbalance anionic
frameworks but have also been shown to greatly affect the obtainment of silica-
rich zeolites.8! In alkaline media, their hydroxide form has been shown to affect
the crystallization kinetics of pure silica zeolites.®? The insertion of heteroatoms
in the Al/Si or Al/P frameworks can also present a structure-directing effect with
the rising of new coordination environments with unique bond lengths and
angles. The introduction of Ge in zeolites has been shown to stabilize the
formation of small 3- or 4-membered rings zeotypes.838 Finally, the mineralizer
agent itself may present SDA behavior. For example, fluoride has been show
occupy the small D4R cages of silicate materials with ITW topology and to form
ion pars with OSDA cations in the larger 10-MR channels of silicate MTT

frameworks.8%
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Many physico-chemical properties of OSDAs influence their ability to
dictate crystallization, such as size and shape, hydrophobicity,®¢ hydrothermal
stability,®” and flexibility.28 They can influence the synthesis via several
simultaneous factors: (1) Templating effect: The structure obtained retains the
geometry and electronic configuration of the OSDA; (2) Structure-directing
effect: the OSDAs will still lead to specific topologies, but the resulting porous
structure does not necessary retain the geometry and electronic configuration
of the OSDA. The degree of host-guest interaction is lower than in true
templates. For example, when acting by structure-directing the OSDA may
freely rotate in the pores and therefore the pore formation is dependent on the
volume caused by such rotation and not by the OSDA volume itself; (3) Pore-
filling effect: Provides an increase in thermodynamic stability during the
formation of the hydrophobic organic framework in aqueous media. The great
majority of OSDAs will act by structure-directing and pore filling, true templates
being much more rare.?°

Although OSDAs have been shown to greatly aid crystallization, the
solvent being used can compete as a structure-directing agent, creating a
phase competition. Gomes et al. studied the use of the OSDAs triethylamine
(TEA), benzylpyrrolidine (BP), and (S)-()-N-benzylpyrrolidine-2-methanol
(BPM) for the aqueous synthesis of AIPO4-5. They found that difference
between OSDA/water competition or co-templating lies in the degree of

interaction between the framework and OSDA. The highly-interacting bulky
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BPM singly occupies the larger 12-MR channels while water preferably
occupies the 6-MR channels of the structure. BP presented less interaction with
the framework, and a clear BP/water competition for the same cavities was
observed. TEA interaction degree lies between the ones for BPM and BP, and
double occupancy with TEA and water simultaneously occluding a pore was
observed.

The solvent SDA competition can greatly hinder the selectivity of the
synthesis. Therefore, many strategies for either solvent-free or template-free
have been developed. °'%? Of particular interest are the ionothermal reactions,
where ionic liquids are used as both the solvent and the structure-directing

agent.%

1.2.4 lonothermal synthesis

lonic Liquids (ILs) are generally defined as salts with low melting points
(Tm < 100 °C). A subclass of ILs is the room-temperature ionic liquids which,
as the name suggests, are in the liquid state at room temperature. Because of
this, they can be explored as substitutes for common hazardous organic
solvents. ILs are interesting for several reasons: (i) they are low-viscosity
liquids with inherent low vapor pressure, which translate to safer processes in
an industrial setting where high-temperature reactions are needed for larger

scales; (ii) they are easily purified and can then be reusable, lowering overall
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cost; (iii) they are greener alternatives to the toxic or volatile traditional organic
solvents.

lonic liquids are most commonly composed of at least one bulky organic
ion. In general, bulkiness and some degree of asymmetry are the key points on
the low melting point of salts, as such features hinder efficient packing in the
solid state.®* For example, it has been shown that highly-branched short alkyl
chains in the amine lead to lower melting points.®® The IL’s ionic composition
also dictates other important physicochemical properties, such as viscosity and
heat capacity. Because it is possible to select ions for a specific application, ILs
are commonly referred to as “designer solvents”. ® Some common IL cations

are presented in Figure 1.10.

R
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Figure 1.10 Common IL cations. [Emin]* = 1-ethyl-3-methylimidazolium;
[Bmin]* = 1-butyl-3-methylimidazolium; [Cnpyr]* = 1-alkylpyridimium; [C4N]" =
tetraalkylammonium.

When ILs replace the water in traditional hydrothermal synthesis, the
process receives the name ionothermal synthesis. The term was coined in
2004 by Morris and co-workers in a paper describing the use of ILs for the first

time for the synthesis of any zeolitic material. The group used 1-methyl-3-
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ethylimidazolium bromide as the IL to obtain aluminophosphates a series of
SIZ structures (St. Andrews lonothermal Zeolite): SI1Z-1 (interrupted structure),
SIZ-3 (AIPO4-11), SIZ-4 (AIPO4-34) and SIZ-5 (AIPOs-41). One of the most
remarkable findings in this seminal paper is that the IL acted in the system both
as a solvent and as an SDA. Therefore, it eliminated the SDA/solvent
competition described earlier.®” The possibility of a better synthetic control led

to many studies exploring ionothermal synthesis.

1.3 lonothermically synthesized MAPOs

This section highlights the current progress in the field by presenting — to
the best of our knowledge — all the reports on the obtainment of MAPOs via the
ionothermal route. Table 1.1 summarizes the structures that will be discussed,

and the ionic liquids used for their obtainment.

Table 1.1 Summary of the ionothermal procedures described in the literature
for the obtainment of MAPO materials

Framework topologies*
lonic Liquid obtained with the respective Reference
IL**

Magnesium

1-butyl-3-methylimidazolium bromide AAEII_ 98
AEL
choline chloride and urea Aél?s\l 99
ALPO4-CJ2
1-butyl-3-methylimidazolium bromide AEL
AFI 100

AEL
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ATS

1-isopropyl-3methylimidazolium CHA
bromide
1-ethyl-2,3,4,5-
tetramethylimidazolium CHA
1,3-diethylimidazolium ATS
1,3-diisopropylimidazolium AFI
101
SAO
1-isobutyl-3-isopropylimidazolium DAF-1
AFI
1,3-diisobutylimidazolium AFI
1-ethyl-3-methylimidazolium bromide AEL ez
1-ethyl-2,3,4,5-
tetramethylimidazolium CHA
1,3-diethylimidazolium ATS
1,3-diisopropylimidazolium AF| 101
1-isobutyl-3-isopropylimidazolium SAO+DAF-1+AF]
1,3-diisobutylimidazolium AF|
Manganese
1-ethyl-3-methylimidazolium bromide AF| 103
1-ethyl-3-methylimidazolium tosylate LAU 104
SOD
1-ethyl-3-methylimidazolium bromide AEL 105
CHA
1-butyl-3-methylimidazolium bromide AFI 106
Iron
1-ethyl-3-methylimidazolium bromide SOD 107
succinic acid-choline chloride AST 108
succinic acid-choline chloride AFI 109
succinic acid-choline chloride AFI 110
1-butyl-3-methylimidazolium chloride AFI 111
1-butyl-3-methylimidazolium bromide SOD 106
succinic acid-choline chloride AFI 112
succinic acid-choline chloride LEV 113
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1-ethyl-3-methylimidazolium bromide CHA 114
Cobalt
AEI
1-ethyl-3-methylimidazolium bromide SOD 115
SIV
Choline chloride and dicarboxylic LEV 116
acids SIZ-13
1-ethyl-3-methylimidazolium bromide
1-butyl-3-methylimidazolium SOD 107
tetrafluoroborate
AEL
1-ethyl-3-methylimidazolium bromide CHA 117
CLO
1-ethyl-3-methylimidazolium bromide S:’A\OE? 118
o . : AEL
1-ethyl-3-methylimidazolium bromide CHA 119
1-butyl-3-methylimidazolium bromide SL('?E 106
1-ethyl-2,3,4,5-
tetramethylimidazolium b
1,3-diethylimidazolium CHA
1,3-diisopropylimidazolium SSZ-85
101
1-isobutyl-3-isopropylimidazolium DAF-1
SAO
1,3-diisobutylimidazolium AFI
1,3-dicyclohexyllimidazolium AFI
Nickel
1-butyl-3-methylimidazolium bromide LTA 106
Copper
1-butyl-3-methylimidazolium chloride AFI 120
AFI AFI 121
Zinc
1,3-diisopropylimidazolium bromide DFO 122
1-ethyl-2,3,4,5-
tetramethylimidazolium el 123
1,3-diethylimidazolium CHA
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1-isopropyl-3-ethylimidazolium ATS

1,3-diisopropylimidazolium DAF-1

1,3-diisobutylimidazolium S

’ DAF-1
1,3-dicyclohexyllimidazolium AFI

*Mixed or pure phase. Dense phases not included.
**The multiple topologies described for one ionic liquid were obtained varying different
reaction parameters such as molar ratios, precursor nature, mineralizer nature,

temperature, time, and pH.

1.3.1 MgAPO

The first ionothermically synthesized MgAPOs were obtained by Wang
et al. by using the ionic liquid 1-butyl 3-methylimidazolium bromide ([Bmim]Br)
and MgO as the metal source. In the absence of Mg?* ions in the reaction
media, only condensed tridymite phase was isolated. The insertion of
manganese led to the formation of mixed-phase AEL, AFI, and tridymite.
Therefore, the manganese ions played a structure-directing role. Furthermore,
the authors were able to tune the selectivity towards AEL topology by adding a
second structure-directing agent, n-dipropylamine.®8

Carvalho et al. used a factorial approach to investigate the formation of
MgAPO in a deep-euthetic solvent (DES) composed of choline chloride and
urea.? In general, lower amounts of manganese, higher amounts of DES, and

shorter reaction times led to mixed-phase with AEL as the main topology.

4DES are many times regarded as a subclass of ionic liquids that are specifically composed of
Lewis and Brgnsted acids and bases. There is open discussion, however, on how to exactly
classify these solvents.?4125
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Different reaction parameters induced the formation of frameworks with smaller
pores, such as AEN and GIS or condensed phase AIPO4-CJ2.%°

The fluoride-free synthesis of MgAPOs with topologies AEL, AFI, and
ATS was described by Wei et al. Mixed phase AEL+AFI MgAPO was obtained
when using [Bmim]Br and no HF. Interestingly, if using the same reaction
conditions but the addition of Mg?* was replaced by F-, the same AEL
+AF| topologies were obtained (now for AIPOs). It is possible, therefore, that
Mg?* and F- play a similar role in the synthesis, as using either of them led to
formation of the same AEL+AFI mixed phase. When 1-i-propyl-3methyl-
imidazolium bromide ([iPrmin]Br) was used as IL, however, different results
were observed. Mg?* presence induced the formation of AEL+ATS while F-
generated pure CHA. Although specific details on how F- leads to the formation
of CHA were not investigated, it is possible that this anion causes the
transalkylation of [iPrmin]Br to form dimethylimidazolium cations ([Dmin]*),
which have been shown to effectively template CHA in the AIPO SIZ-10."%6 |t
was again proposed that Mg?* may have some structure-directing role as an
increase in its concentration in the gel influenced the predominant phase.
Thermogravimetric analysis showed that more IL cations were occluded when
more Mg?* was incorporated in the inorganic framework, which is explained in
terms of the electrostatic stabilization of the organic cations by the now partially

negative Mg-substituted inorganic framework.'%

30



Wang et al. published an interesting study describing an extruding
process for preparation of MgAPO with AEL topology using the ionic liquid
[Emin]Br and di-n-propylamine. An initial gel composed of Al2O3:P20s
:MgO:HF:DPA:[EMIm]Br:H20 (molar ratio 1:1:0.03:0.18:0.4:1:45, respectively)
was heated at 80°C to form a malleable solid to be extruded into a cylindrical
shape. Only then the material was transferred to an autoclave to initiate the
crystallization process. This pre-shaping methodology allows for a more
straightforward application of molecular sieves in catalysis and eliminates the
need for binders that can hinder the catalytic process. The extrudate obtained
in this work was successfully applied for the hydroisomerization of n-dodecane,
the process giving high conversion and selectivity.'%?

Benin et al. explored a variety of ionic liquids (Figure 1.11) to obtain
MgAPOs with CHA (IL-A), ATS (IL-B), AFI (mixed with unknown phase) (IL-D),
SAO+DAF-1+AFI mixed phase (IL-E) and AFI topologies (IL-F). The ionic

liquids IL-C and IL-G led to tridymite and an unknow phase, respectively.'??
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Figure 1.11 Structure of the ionic liquids’ cations used by Benin et al. to
investigate the influence of the OSDA’s shape and size in the obtainment of
MAPOs. All ILs had bromide as the anion. IL-A: 1-ethyl-2,3,4,5-
tetramethylimidazolium, IL-B: 1,3-diethylimidazolium; IL-C: 1-isopropyl-3-
ethylimidazolium; IL-D: 1,3-diisopropylimidazolium; IL-E: 1-isobutyl-3-
isopropylimidazolium; IL-F: 1,3-diisobutylimidazolium; IL-G: 1,3-
dicyclohexyllimidazolium. 123

1.3.2 MnAPO

Ng et al. were the first to use an ionothermal strategy to obtain a MnAPO.
The material with AF| topology was synthesized using 1-ethyl-2,3-
dimethylimidazolium bromide ([Edmim]Br) as the IL. The crystallization

mechanism was elucidated by characterizing the products of a 150 °C reaction

at different times by PXRD, SEM and SS-NMR. The total dissolution of the
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reagents was observed after 5 hours of reaction. Up to 25 hours, only
amorphous phases were isolated. At 50 hours, a broad PXRD peak at angles
characteristic of AFl framework is first seen. Between 50 and 90 h, all other AFI
peaks start to show. The peaks also became narrower within this time interval,
indicating larger crystals were formed and/or crystallinity increased, which was
also confirmed by SEM. SS-NMR studies showed that tetrahedral Mn and P
binding to Al octahedra start to form between the amorphous sample (25 h)
and the first AFI peak (50 h). The small seeds consume soluble species nearby
until 90 h, when spherical single-crystals are isolated. Interestingly, this is
different from the usual needle morphology observed for other AFI materials
such as Co-APO-5 obtained via usual hydrothermal reactions.'?” Macroscopic
observations combined with time-resolved PXRD revealed the nucleation starts
at the solid-liquid interphase, when the initially amorphous aluminophosphate
phase organizes itself around [Edmin]* cations. The small crystals formed will
then grow by consuming the remaining species in the amorphous phase that is
now surrounded by crystal seeds. Therefore, the crystallization mechanism can
be described as a surface-to-core reverse growth.'3

The synthesis of MNAPO with LAU topology was investigated by Bieniok
et al. in a system using the IL 1-ethyl-3-methylimidazolium-tosylate [Emin][tos].
The authors also added imidazole to the reaction, an OSDA known to well-
template LAU structures. In this same work, the authors obtained - by

solvothermal methods - the first FeAPO with LAU structure. The Mn material
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obtained by ionothermal synthesis presented better crystallinity - both in size
and quality — than the FeAPO obtained via the solvothermal route. The authors
attribute such improvement to the existence of two organic species - [Emin]*
and protonated imidazole — acting as co-OSDAs, as Raman spectroscopy
showed that both occupy the porous structures of MnAPO. 104

Liu et. al studied the use of different manganese sources and their
possible role as SDAs for the obtainment of SOD topology MnAPO in a system
with 1-ethyl-3-methylimidazolium bromide ([Emim]Br) as the ionic liquid. When
Mn?* ions were directly introduced via MnClx*H20, no SOD phase was
observed, and a mix of AEL and CHA was isolated. However, the in situ
generation of Mn?* by using MnO or MnO; as the metal source led to SOD
formation. SCXRD and crystallographic assessments indicate that manganese
cations not only substitute AI** centers at a certain degree but are also part of
the extraframework structure as hydrated ions occupying sod cages. [Emim]Br
was not present in the porous structure of the final material but had an important
role in the synthesis. The fact that SOD was only obtained when in situ Mn?*
was present indicates that the hydrated ions of manganese are the true SDAs.
This is only possible in the weakly solvating solvent - [Emim]Br — as lesser
solvation allows for stronger interactions between the metal cation and the
inorganic framework and, therefore, a more effective structure-directing

effect.105
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The ability of manganese ions to act as SDA was also observed by Azim
and Stark. The authors used an interesting approach by using MnF3 in a system
containing the ionic liquid [Bmim]Br. The MnFz had a triple role in the
obtainment of MNAPO with AFI topology. It served as a source of manganese
ions, as the mineralizer due to the presence of F-, and as an SDA. An identical

system, except for the presence of MnF3, led to AEL topology.'%

1.3.3 FeAPO

The ionothermal obtainment of FeAPO was first reported by Han et. al
in 2008. The material presenting SOD topology was synthesized using
[Emin]Br as the ionic liquid. The study shows that the initial Fe/Al can be used
to control the degree of iron being doped. Furthermore, although higher
additions of H3zPO4 usually lead to better crystallinity as it promotes the
hydrolyzation of the Al precursor, too much of the acid hindered the phase
purity: when adding H3PO4, one will inevitably add more water. Additionally, the
authors reported that higher contents of phosphoric acid led to amorphous
phase instead of the SOD framework.'%” It has been shown that higher P:Al
ratios affect the dimensionality of AIPOs and can, therefore, interfere with the
crystallization process.'?8

The chemistry of FeAPO has been extensively studied by Zhao et al.
The ability of ionic liquids to well absorb microwave radiation without

decomposition was explored for the obtainment of FeAPO-16 (AST) in the
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presence of a DES composed of 1:1 succinic acid and choline chloride. Upon
varying several reaction conditions, different phases containing pure AST or
mixed tridymite+AFl+quartz could be obtained. It was noticed that upon
increasing the H3PO4 amount, the crystallinity of the AST phase improved.
However, similarly to what was reported by Han et al.,'?° too much of the acid
hindered phase selectivity and led to AIPO4- quartz due to water being
introduced into the system. Therefore, the once ionothermal synthesis starts to
behave as a hydrothermal one. Furthermore, similarly to what was described
for other MAPOs, the authors found evidence of the structure-directing
behavior of the metal ion, as reactions without iron would lead to tridymite.°®
The same group also explored including tetraethylammonium bromide (TEABT)
to the DES mixture as co-SDA to obtain FeAPO-5 (AFI). The authors confirmed
the ability of TEABr to work as an effective OSDA toward the obtainment of the
AFI. The framework was formed in the presence of the TEABr independently
of the ferric source used. Furthermore, the H3PO4 molar ratio has been shown
- once again - to greatly impact the crystallization, where an excess of it would
lead to a dense phase, possibly due to the addition of water or over-acidic pH.
199 In a follow-up study, the group showed the FeAPO-5 material can be used
as a catalyst for the hydroxylation of phenol, although FeAPO-5 obtained
hydrothermally presented better catalytic performance.’® They have also
reported that introducing seed crystals in this system can affect the purity of the

AF| phase and the catalyst’s induction period.'"> Moreover, the group also
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explored the use of the same DES mixture (succinic acid, choline chloride, and
TEABr) to synthesize FeAPO with LEV topology. They also found that lower
amounts of TEABr, as well as higher Fe203/Al.03, tune the systems towards
the obtainment of LEV instead of AFl and ATS phases."'3

Ng et al. investigated the possibility of replacing HzPO4 with H3PO3 for
the ionothermal obtainment of MAPO molecular sieves. This is an interesting
approach to explore, as it allows for a lower releasing rate of P*° in the system
due to the fact that oxidation of P*3 to P5* is first necessary. The methodology
was applied for the successful synthesis of FeAPO-5 (AFI) using 1-benzyl-2,3-
dimethylimidazolium chloride ([Bdmin]Cl) as the ionic liquid. The author found
the presence of NKX-2, a one-dimensional intermediate containing 12-MR
reported’® to be formed in usual hydrothermal synthesis employing HzPOs3 for
obtaining AIPOs4-5. The iron ions were shown to be essential in the
crystallization as they served as a medium for electron transfer associated with
the oxidation of phosphorus.'""

The synthesis of FeAPO with SOD topology using an organic source for
the mineralizer F- was reported by Azim and Stark. Tetramethylammonium
fluoride ([MesN]F) was used not only as a mineralizer but also as co-OSDA in
a system containing [Bmin]Br as the ionic liquid. The study resulted in a
framework with high Fe/Al substitution (0.83) that was obtained at 160 °C in

only 4 hours.%
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More recently, Musa et al. reported the first ionothermically synthesized
FeAPO materials with CHA framework by using the ionic liquid 1-ethyl-3-
methylimidazolium chloride ([Emin]Cl) in the presence of ethylenediamine.
Interestingly, dimethylimidazolium cations [Dmin]* instead of [Emin]* cations -
originated from transalkylation reactions within the IL - were found occupying
the pores of the structure. The ethylenediamine was not found in the final
structure but aided the solubilization of iron ions, greatly interfering with its
insertion in the framework, with no Fe?* incorporation occurring in the absence

of ethylenediamine.™*

1.3.4 CoAPO

Parnham and Morris were the first to report the preparation of a CoAPO
via ionothermal synthesis. The authors used the ionic liquid 1-methyl-3-ethyl
imidazolium bromide to obtain SIZ-7 (SIV, novel), SIZ-8 (AEl), and SIZ-9
(SOD). Interestingly, it was noted that having Co?* ions in the reaction medium
interferes with the synthesis even if they are not incorporated in the final
product, with lower amounts of the metal leading to SIZ-4 phase.'®

Dryle and Morris et al. studied the use of three DES systems composed
of choline chloride and succinic acid, glutaric acid, or citric acid to obtain SIZ-
13 (novel) and SIZ-14 (LEV). Remarkably, rare Co-Cl bonds were found in the
structure of product SIZ-13. Such bonds were not priorly found in MAPOs

synthesized hydrothermally because they readily hydrolyze in water. The
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findings corroborated the idea that ILs are capable of reducing the water’s
nucleophilicity and reactivity. It is proposed that IL’s ions electrostatically
interact with water and uniformly disperse its molecules without the formation
of hydrophilic clusters usually observed in common organic solvents.'16:131
Han and co-workers presented an extensive study on the influence of
temperature in the crystallinity of SOD topology CoAIPO using four different
ionic liquids: [Emim]Br, ([Bmim]Br), ([Bmim][BF4]), and ([Bmim][PFg]). More
crystalline phases were obtained as the temperature was increased, reaching
an optimal at 463 K. The authors attributed this phenomenon to the IL
presenting lower viscosity at this temperature, which leads to a higher crystal
growth ratio. Only the ([Bmim][PFs]) system was not successful for the
synthesis of COAPO, which can be attributed to its higher ease of hydrolyzing
and producing F~ even in a small amount of water, the latter usually introduced
in the system through the use of aqueous acids such as H3zPO4 and HF. Such
hydrolyzation can greatly influence pH and diminishes synthetic control.'®”
CoDNL-1 with CLO topology that presents extra-large pores (20 MR)
was obtained by Li et al. by employing a co-structure directing agent 1,6-
hexadiamine (HDA) together with the ionic liquid [Emim]Br. The desired
framework was obtained at HDA/AI 0.4 molar ratio, AEL and CHA being
isolated at lower or higher ratios, respectively. Because HDA was previously
shown to effectively template ita cages present in CLO topology,'3? the authors

suggest that at HDA/AI small ratios, the templating was governed by [Emim]*
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species. At higher HAD/AI ratios, the decrease of pH due to more HDA in the
medium led to CHA topology, commonly obtained in more acidic condition.
Therefore, as expected, high amounts of HF also led to the formation of CHA.
F- ions were necessary for the obtainment of D4Rs building units that lead to
the formation of the CLO framework, and reactions with low amounts of the
mineralizer led to amorphous phases.!"” The [Emim]Br and HAD system was
further studied by Musa et al. to better understand the selectivity towards CHA
and AEL frameworks. Through NMR experiments, the authors showed that
HDA was not incorporated into the final material but still greatly influenced
which framework would be obtained. Only in the presence of HDA, CoAPO-34
(CHA) was isolated, while in its absence, cobalt-free AIPO4-11 (AEL) was the
final product. It was hypothesized by the authors that HDA influences the
solubility of Co?* in the [Emim]Br and allows it to be more available for
incorporation in the tetrahedral sites of the aluminophosphates.'"?

Li et al. also studied the co-templating strategy to tune the selectivity in
a [Emim]Br system by adding one of four different tetraalkylammonium
hydroxides: tetramethylammonium hydroxide (TMAOH), tetraethylammonium
hydroxide (TEAOH), tetrapropylammonium hydroxide (TPAOH), and
tetrabutylammonium hydroxide (TBAOH). It was found that when the smaller
TMAOH was used, SOD topology was obtained, while all other hydroxides led
to the AEI phase. Not only the nature but also the amount of hydroxide was

important for selectivity, as lower quantities led to either condensed or
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interrupted phases. The authors also investigated the use of the different salts
Co(OH)2, Co(OAc)24H20, and CoCl2:6H20 as metal sources. Only CoCl>6H20
did not yield SOD or AEI, and the phenomenon is attributed to the lesser
availability of Co?* as it is strongly coordinated to the chloride ions.'8
Interestingly, Azim and Stark later found that CoCl>6H20 could lead to
SOD/LTA mixed phase when a source of fluoride different than aqueous HF —
tetramethylammonium fluoride ([MesN]F) — was used for the synthesis of
CoAPOs with the ionic liquid [Bmim]Br and without the presence of
tetraalkylammonium hydroxides.'%

The use of bulkier ILs containing aromatic rings for the synthesis of
CoAPO was recently introduced by Benin et al. Their study explored several
substituted imidazolium bromide salts (Figure 1.11) to obtain a variety of
framework topologies. A clear correlation between the ionic liquid used and the
structure of the CoAPO isolated was observed. Cage-based CHA framework
was obtained by using the smallest and more circular ILs A and B. The large IL
F led to the mixed phase SAO and AFI, two large pore topologies, and the even
larger G led to pure AFIl phase. The intermediary ILs C, D, and F led to

condensed SSZ-8 or DAF-1 phases.'®

1.3.5 NiAPO

Azim and Stark reported the obtainment of a NiIAPO with LTA topology

by using the ionic liquid [Bmin]Br. [MesN]F was added to the reaction mixture
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to play the double role of co-OSDA and mineralizer, which is an interesting
approach to explore fluoride sources other than the more toxic HF. The use of
the different metal precursors Ni(CH;CO,),4H,O or NiCl,-6H,0O was also
investigated. The chloride salt led to a slightly higher nickel incorporation in the
framework, which was attributed to its higher solubility when compared to the
acetate form. This paper has been previously discussed in this chapter for the
obtainment of Mn, Co and Fe MAPOs. The authors reported that the degree of
doping follows the order Fe?* > Ni?* > Mn?* > Co?* (for the respective topologies

formed in each case) and that the substitution is preferred in the AI** sites.1%¢

Benin et al. studied the Ni?* doping in AIPOs with diverse framewroks
with the use of a variation of imidazolium organo-cations. While NiAPO with
LTA topology was successfully obtained, the authors were not able to isolate
multidimensional large pores DFO and STO materials in the presence of nickel.
Moreover, although an AFI product was obtained, extensive investigation of the
Ni-AFl system by SS-NMR suggested no incorporation of nickel in this
framework. This lack of incorporation was corroborated by analyses that did

not identify the presence of acidity sites.'?

1.3.6 CuAPO
The introduction of copper in the aluminophosphate framework is
challenging due to the low electronic stability of Cu?* at the high temperatures

used for MAPOs synthesis and also due to its facile complexation with organic
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species commonly used as OSDAs."*® Nonetheless, Huang et al. presented
the synthesis of CuAPO-5 (AFI) using [Bmin]Br as the ionic liquid in
combination with TEAOH. X-ray fluorescence (XRF) revealed only small
amounts were doped in the framework, even when the Cu?* concentration in
the medium was increased. Even though the metal was not inserted in the
framework, its presence in the reaction medium greatly affect the porosity. The
BET surface area increased with the addition of more copper. Too much metal
precursor in the synthesis, however, led to a decrease in the surface area,
possibly due to an accumulation of extra-framework copper species residing in
the pores. NH3 temperature-programmed desorption (NH3-TPD) revealed the
presence of acidic sites, corroborating the idea that copper was indeed able to
replace aluminum centers. The material was then successfully used as the
catalyst in the fructose dehydration reaction to produce 5-
Hydroxymethylfurfural (HMF), an important platform chemical.’?®

CuAPO-5 was also obtained by Xin-Huang et al. using the DES succinic
acid, choline chloride and TEABr. The authors used SEM and TEM to
determine that the morphology of the crystallized molecular sieve is hexagonal

nanometer-disc and both micro and mesoporous were found in its structure.?’

1.3.7 ZnAPO
Pinar et al. were the first to report the use of the ionothermal route to

obtain a ZnAPO. The material was synthesized using diisopropylimidazolium

43



bromide [DIPI]Br as the ionic liquid. It presents a DFO topology, which has only
been found before for manganese-doped MAPOs. The authors extensively
investigated the structural features using synchrotron XRD and SS-NMR.
[DIPI]* cations were found residing in four different sites over two different
channels. Remarkably, there is evidence that four [DIPI]" are ordered in the
larger cavities of the structure, somehow working as a supramolecular OSDA
(Figure 1.12). Water, F- and OH" were also found to be additional extra-

framework species in other parts of the structure.'??

Figure 1.12 Detail on the ordered arrangement of four [DIPI]+ units inside the
large cavity DFO ZnAPO described by Pinar et al.'??

Benin et al. further contributed to the investigation of ionothermically
synthesized ZnAPOs by using a series of imidazolium derived ionic liquids
(Figure 1.11) to obtain materials with diverse topology (CHA, ATS, DFO, SAO,
and AFI). As previously discussed in section 1.3.4, the shape and size of the
ILs play an important role in directing the structure toward a specific topology.

SS-NMR was used to study MAPOs obtained with the same ionic liquid but
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containing different doped metals. The results showed that the metals
themselves presented a structure-directing effect, as unique coordination ratios
for P and Al were observed for each material, and the location of F- has also

been found to vary.'??

1.4 Summary and Outcome

The literature review presented on this chapter showed the efficiency of
the ionothermal route for the obtainment of MAPOs and at the same time
underscored the complexity of the process. The ionic liquids have been shown
to strongly direct the porous structure of the MAPOs in the majority of cases.
Even when no IL is found occluded in the final framework, it still positively
affects the synthesis as its low solvation properties makes the M?* ions more
available in the medium. Some of these metal ions exhibit a structure-directing
effect even when not incorporated in the final framework, as reactions with and
without them frequently leads to different zeolitic topologies.

The use of non-traditional starting materials led to many interesting
results. Fluoride sources such as [MesN]F and MnF3 play not only the role of
mineralizing agent but also act as SDA and, in the case of MnF3, as the metal
ion source. The successful FeAPO-5 synthesis from the metastable
intermediate FeNKX-2, achieved when using H3PO3 instead of H3PO4, shows

the phase transformation approach can be explored in ionothermal conditions.
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The ionothermal strategy also unveiled novel and exciting structural
features. The ionone liquid [DIPI]Br was used to obtain the first zinc-containing
aluminophosphate with DFO topology. Remarkably, local ordering of four
[DIPIT* groups was found in the larger cavities of the framework, showing
supramolecular structure-directing effect is possible.

lonothermal synthesis is an exciting strategy for the obtainment of
MAPOs. Further studies on different systems are of interest in the field as they
can bring insights on the importance of each reaction parameter and the
crystallization mechanism itself. A deeper understanding on such topics will
allow for a better synthetic design and open doors for the potential use of

ionothermal methodologies in large scale industrial applications.
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Chapter 2 - MAPO-5 Molecular Sieves from

Alkylimidazolium Bromide lonic Liquids

Abstract

MnAPO-5 (Mn-AFIl) was synthesized via the ionothermal route using
with two different ionic liquids (ILs), diisopropylimidazolium bromide (DIPI) and
diisobutylimidazolium bromide (DIBU). Attempts were also made to synthesize
NiAPO-5 (Ni-AFI) using the same ILs; although there is some evidence of nickel
structure-directing capabilities, there was no data suggesting Ni framework
incorporation. The ILs acted as both the solvent and the structure-directing
agent (SDA). Each SDA demonstrated AFI to dense-phase cristobalite or
tridymite phase formation when the level of nickel was increased in the reaction
mixture. For increasing level of manganese, DIBU always yielded pure-phase
Mn-AF| whereas DIPI led to amorphous product when more than 0.13 eq of Mn
was added. The resulting products were analyzed by solid state NMR (SS-
NMR) to gain mechanistic insight on product formation. By selecting both an
appropriate SDA and tuning the amount of Mn in a given reaction, a pure-phase
AFI| material was reproducibly achieved by a simple one-pot method. Because
of the vanishingly low vapor pressure of the ILs, the synthesis does not carry
the risk of pressure build-up. Finally, the ILs were easily and fully recyclable
and used for multiple syntheses. The MnAPO-5 material was characterized

with powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA),
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electron paramagnetic resonance (EPR), multinuclear SS-NMR and extended
X-ray absorption fine structure (EXAFS). These findings provide new insight
into the ionothermal synthesis of metal-doped AFI frameworks with possible

implications in catalytic applications.

2.1 Introduction

Zeolite and zeotype materials are widely used as catalysts for a large
range of applications due to their molecular-sized pore structures and catalytic
capabilities.? The aluminophosphate form (the first series from Union Carbide
were labeled AIPO4-n, where n = structure type) are comprised of AlO4 and
PO4 tetrahedra connected via bridging oxygens. AIPO4-n molecular sieves are
neutral in charge and therefore as-prepared are not useful in catalysis.
Isomorphic replacement of AIF* with M?* (M = metal), however, can afford
metal-aluminophosphates (MAPOs) with Brgnsted acidity. The benefit of
MAPOs compared to the widely used silicoaluminophosphate molecular sieves
(SAPOs) is the MAPO acidity can be tuned to the application for which the
catalyst is needed. The appropriate substitutional metal is chosen, as different
metals have been shown to provide varying catalytic strength.3-"

Traditionally, AIPO4-n and MAPO-n materials are synthesized
hydrothermally by adding the precursors along with a structure directing agent
(SDA) into the water to make a heterogeneous mixture, then heating to 100-

250 °C." Hydrothermal syntheses are inherently high-pressure and therefore
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have associated potential hazards, especially on the large scale. Additionally,
because water is in far excess to the SDA, it can compete with the SDA in
templating the resultant material. In 2004, Cooper et al. presented an alternate
synthetic route to AIPO4-n materials using ionic liquids (ILs), which they termed
ionothermal synthesis.® Generally, ILs are salts with melting points below 100
°C. Consisting of simply an anion and cation, there are literally millions of
possible ionic liquids. There are several benefits to ionothermal synthesis of
aluminophosphates. ILs have virtually zero vapor pressure, are relatively non-
toxic, and are easily reused.® Additionally, the organic cation of the IL can act
as the SDA in the synthesis. Consequently, ionothermal synthesis not only
removes the hazards of high-pressure hydrothermal synthesis, but it also
eliminates competition between the solvent and the SDA since the solvent is
the SDA. Since ionothermal synthesis represents a non-aqueous medium,
water can be introduced as a reagent, which offers the opportunity to study its
hydrolytic effects on the system. Finally, non-aqueous conditions can lead to
new framework and low-dimensional phases not possible in hydrothermal
syntheses.% 10

Studies have shown that both Ni and Mn incorporation into the AIPO4-5
framework (AFIl) are not very favorable. Although Ni substitution has been
claimed, the evidence of actual tetrahedral framework incorporation is
limited.""'2 As a d® metal, it is challenging to force Ni?®* into a tetrahedral

geometry over its preferred octahedral geometry. It is possible that the Ni
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reported as being incorporated into the AIPOs4-5 framework was actually
octahedral in geometry, either on the surface of the material or in a defect site
within the structure. Some fairly extensive work has looked at Mn incorporation
into the AIPOs4-5 framework. Evidence shows a larger degree of extra-
framework presence as compared to actual framework incorporation, but
nevertheless intraframework incorporation was 1-2%."3-'7 Although Mn has
typically limited substitution into the tetrahedral AIPO4-5 molecular sieve, the d°
configuration may provide greater geometric flexibility, making it less
challenging to incorporate than d® Ni?*.

Recently, Benin et al. published a comprehensive study on the
ionothermal synthesis of MAPOs using a variety of ionic liquids and several
metals including nickel.’® The researchers concluded nickel was not introduced
into the tetrahedral framework for the AIPO4-5 structure, but did find evidence
of nickel incorporation into the LTA structure. Manganese was not explored in
their study. Benin et al. made significant steps forward in understanding the
effects of ionic liquid SDAs and the varying substitutional metals on the
structure of the resulting molecular sieve, as well as possible location of
catalytic sites within.'® Still not well understood, however, is the effect of adding
water into this non-aqueous system; nor is the effect of hydrofluoric acid (HF),
which seems to be necessary as a mineralizer within the ionothermal system.
Here, we studied two metals, Mn and Ni, for their influence on the synthesis of

AIPO4-5 versus that of water and HF. We use two similar ionic liquids as our
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SDAs that are not commercially available, diisopropylimidazolium bromide
(DIPI) and diisobutylimidazolium bromide (DIBU), to identify whether there are
product selectivity differences between the two. Potential metal incorporation
is explored for both Mn and Ni and the materials are characterized using a wide

range of solid-state techniques.

2.2 Experimental

2.2.1 Reagents

Aluminum isopropoxide (AI[OCH(CHas)2]s, TClI America, = 98%),
phosphoric acid (H3POs4, Sigma-Aldrich, 85 wt.% in H20), nickel(ll) acetate
tetrahydrate (NiCH3CO2-4H20O, Acros Organics, > 99%) manganese(ll) acetate
tetrahydrate (MNnCH3CO2-4H.0, Sigma-Aldrich, > 99%) and hydrofluoric acid
(HF, Acros Organics, 51 wt.% in H20) were used as-received for the syntheses.

Diisopropylimidazolium X~ (DIPI) and diisobutylimidazolium X~ (DIBU)
were supplied by one of the co-authors (S. I. Z.) either as bromide or hydroxide
salts solvated in excess water, prepared using previously published methods.?
For the bromide salts in water, the solutions were placed on a low-pressure
rotovap until most of the water was driven off. At this point, the IL was still liquid
but much more viscous. The resulting solution was then placed in a vacuum
oven overnight at 70 °C to drive off the remaining water. Once removed from
the oven, the IL had solidified. To ensure the purity of the product, the IL was

then purify by performing a Soxhlet extraction with methanol (MeOH) as the
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solvent. It was again allowed to dry in a vacuum oven overnight after removal
of most of the MeOH via rotary evaporation. The resulting IL purity was then
confirmed via '"H NMR in CDClIs solvent. For the hydroxide version, a titration
with HBr was performed first, then the same procedure was followed. To
complete the titration, concentrated HBr was added drop-wise while measuring
the pH. The titration was complete when the pH reached 7. Often, the resulting
solution would be acidic (pH 1 to 4) due to slight overshoot, but this acidity did
not have any noticeable effect on the syntheses and was used directly without

buffering back to neutral.

2.2.2 MAPO-5 synthesis

In a typical MAPO-5 synthesis, aluminum isopropoxide, metal acetate
tetrahydrate (metal = Ni or Mn), IL SDA and H3PO4 were combined in a Teflon
liner and mixed intimately. The HF was then added and the components mixed
again. The molar ratios were approximately 1 : (0.1 to 0.4) : 10 : 1.3 : 0.12,
respectively. The divalent metal had a range of equivalencies depending on the
experiment. For the HF studies, the divalent metal equivalence was kept
constant at 0.11 while the HF varied from 0.0 to 0.6. The liner was sealed in a
stainless-steel jacket and placed in a 135 °C oven for 5 d. The resulting material
was vacuum filtered and rinsed first with deionized water followed by acetone.
The material was placed in a 90 °C oven for 30 min to dry prior to PXRD

analysis.
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2.2.3 lonic liquid re-purification

IL already used for synthesis was re-purified via Soxhlet extraction with
methanol as the solvent. The extractions were run overnight in all cases for a
minimum of 18 h. A majority of the methanol was then evaporated under low
pressure with a rotary evaporator and the remaining IL-methanol solution was
placed in a vacuum oven at 70 °C overnight to evaporate the remaining
methanol. The resulting purified IL was checked for purity using '"H NMR in
CDCIs. It was found that excess metal ions remained in the purified IL as
determined by ICP-OES. This excess was accounted for when completing
further MAPO synthesis with the re-purified IL (“M-IL”, see Supporting
Information). To determine the amount of Ni?* in “Ni-IL”, 1.1 mg of the Ni-IL was
added to a 10 mL volumetric flask. 1% nitric acid in 21 MQ deionized water was
added to the volumetric line, and the resulting solution was analyzed by ICP-

OES.

2.2.4 Instrumentation
Powder X-ray diffraction

PXRD was measured on a Rigaku Americas Miniflex Plus
diffractometer, scanning from 2° to 50° (20) at a rate of 2°-min~! with a 0.04°

step size under Cu-Ka radiation (A = 1.5418 A).
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Nuclear magnetic resonance spectroscopy

Initial studies of high-resolution 3'P and 5°Mn multinuclear magic angle
spinning (MAS)-' (CP)-NMR spectra were recorded with a 4 mm Bruker CP-
MAS broadband probe on a Bruker AVANCE 500 spectrometer operating at
frequencies of 202.49 MHz for 3'P and 123.96 MHz for 3*Mn. The 4 mm zirconia
rotors were filled with 60 to 80 mg of dry sample and retained with Kel-F end
caps. The chemical shift values were calibrated with external standards,
namely concentrated phosphoric acid for 3'P and 0.1 M KMnQg for 5°Mn. For
in-depth SS-NMR studies, the MAS-CP-NMR of the solids were taken on a
Bruker DSX-500 MHz spectrometer using a Bruker 4 mm MAS probe. The
operating frequencies were 500.2 MHz, 470.5 MHz, 125.4 MHz, 130.5 MHz,
and 202.5MHz for 'H, '°F, 13C, 2’Al, and 3'P nuclei, respectively. Samples
were spun at 12 to 14 kHz. Chemical shifts were reported in ppm after
calibration to common references such as TMS for 'H and '3C, CFCls for '°F,
1.0 M aluminum nitrate aqueous solution for 2’Al and concentrated phosphoric

acid for 3'P.

Thermogravimetric analysis

TGA was performed on a TA Instruments TGA Q500, heating from 25

°C to 550 °C at a rate of 5 °C-min~" under nitrogen flow.
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Electronic paramagnetic resonance spectroscopy

EPR analysis was obtained at room temperature and at 121K with a
Bruker ES80 CW-EPR spectrometer operating at the X-band frequency (~9.4
GHz) using an ER 4122SHQE Resonator (Bruker). The microwave power was

set to 2 mW and the modulation amplitude was 5 Gauss.

X-ray absorption spectroscopy

EXFAS was performed at the XAFCA beam light at the Singapore
Synchrotron Light Source. Data was collected in transmission mode at both
room temperature and 100 K, processed with the ATHENA software and
analyzed in the ARTEMIS program integrated with Demeter software
package.?® The theoretical phase and amplitude functions were calculated
using FEFF 9.0.2" For all samples, the EXAFS oscillations were extracted from
the normalized XAS spectra by subtracting the atomic background using cubic
split fit to k3-weighted data, where k is the photoelectron wave number. The

X(k) functions were then Fourier transformed into R-space.

2.3 Results and Discussion
2.3.1 Water Studies

lonothermal synthesis is a non-aqueous system, which lends excellent
opportunity to study the effects of water as a reagent. Since our interest was

metal-substitution (Ni?* and Mn?*) into the AFI framework, and the metal salts
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used were polyhydrates, we conducted a comparative study on the syntheses
with and without metal added. The corresponding amount of water was added
to the metal-free syntheses since the metal salts all introduce water. In so
doing, we were able to identify the role of the metal versus that of the water.
The water introduced by H3iPOs and HF was constant since the same
equivalency of these two reagents was used for all reactions. We compared
both the DIPI and DIBU SDAs. The results of the nickel studies are summarized

below in Figures 2.1 and 2.2, and Table 2.1.

Intensity (A.U.)

Figure 2.1 PXRD comparison of Ni-AF| syntheses (blue upper patterns) and
AFI| syntheses (i.e. metal-free syntheses, black lower patterns) with DIPI as
SDA: (a) 0.38 eq. Ni, 3.04 eq. water; (b) 0.25 eq. Ni, 2.51 eq. water; (c) 0.13
eq. Ni, 2.02 eq. water; tridymite and cristobalite peaks are denoted with
asterisks and open circles, respectively.
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Figure 2.2 PXRD comparison of Ni-AFI| syntheses (green upper patterns) and
AFI| syntheses (black lower patterns) with DIBU as SDA: (a) 0.38 eq. Ni, 3.06
eq. water; (b) 0.25 eq. Ni, 2.57 eq. water; (c) 0.13 eq. Ni, 2.08 eq. water;
cristobalite peaks are denoted with open circles.

Table 2.1 Nickel versus water studies for DIPl and DIBU SDAs

Ref. IL Ni*eq. H20eq. Product Product**
Fig.2.1a DIPI 0.38 3.04 AFI + dense* AFI
Fig.2.1b DIPI 0.25 2.51 Mostly AFI AFI + dense
Fig. 2.1c DIPI 0.13 2.02 Pure-phase AFI Mostly dense
Fig.2.2a DIBU 0.38 3.06 Pure-phase AFI  All dense-phase
Fig.2.2b DIBU 0.25 2.57 Mostly AFI All dense-phase
Fig.2.2c DIBU 0.13 2.08 Mostly dense  All dense-phase

* dense-phase = cristobalite or tridymite
* no metal synthesis.

Interestingly, the two SDAs exhibit quite different behavior. The most
representative PXRD patterns are shown in Figures 2.1 and 2.2 over several

trials of each reaction. When examining the Ni influence, DIPI templates a high-

82



quality AFI pattern when a small amount of the metal is added to the reaction,
but turns to mixed AFl/tridymite as more nickel is added (blue patterns, Figure
2.1a to c). DIBU, on the other hand, begins as dense-phase cristobalite when
a small amount of nickel is in the reaction, becoming pure-phase AFI as more
nickel is added (green patterns, Figure 2.2 a to ¢). When it comes to water
content, the DIPI system is more sensitive to this variable: decreasing from
3.04 to 2.02 eq. water (black patterns, Figure 2.1a to ¢) changes the product
from mixed AFl/tridymite to a near-pure AFI. Such trend is not observed in the
DIBU system, as the cristobalite product was exclusively obtained no matter
the water content tested (black patterns, Figure 2.2 a to c).

It has previously been demonstrated that nickel does not incorporate
into an AFI framework using either DIPI or DIBU ILs'® and our results also found
this to be true. The role of nickel—or its acetate counterion—is therefore of
interest in giving rise to such a range of products versus the amount of nickel
added, especially for DIBU (Figure 2.2). AFl is only formed in the DIBU system
if a minimum of 0.25 eq nickel acetate is added. In previously reported
hydrothermal syntheses of Ni-AFl, the Ni precursors were dissolved in water
prior to slow addition into the reaction mixture.’®'# With this in mind, a series of
reactions were run using the Ni-DIPI, with the hopes of possible incorporation
due to the solvated Ni in the IL

The DIPI used for Ni-AF| syntheses was re-purified by Soxhlet extraction

with methanol, as described in the experimental section. After recrystallization,
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the IL was noticeably green/blue, signifying the presence of nickel. "H-NMR of
this “Ni-DIPI” confirms there was no change to the DIPI structure and no added
organic impurities (Figure 2.3). ICP-OES analysis on the Ni-DIPI showed the

IL had a Ni loading of 1.36 mg/g.

. } A rPurified
|

JE ul

11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0 -1.0
f1 (ppm)

Figure 2.3 "H-NMR spectra. Top: purified Ni-DIPI; bottom: as-made DIPI.

The reaction ratios and corresponding PXRDs are summarized in Figure
2.4 and Table 2.2. Reagent amounts of water were added to make up the water
difference that would have been added with the tetrahydrate salt. The total
water in the ratios was from the acids, additional metal salt and added Millipore

water.
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Table 2.2 Summary of structure results with varying amount of Ni contributed
by the Ni-DIPI versus Ni(OAc)2

Ni%* %
Reactant Ratios* in IL Structure result

(a)1:0.38:1.49:10.07:0.13:3.04 14.3% Mostly AFIl, some dense-phase
(b)1:0.25:1.49:10.07:0.13:2.51 21.7% Mostly AFl, some dense-phase

(c)1:0.13:1.49:10.07:0.13:2.02 42.5% Pure-phase AFI
(d)1:0.05:1.49:10.07:0.13:2.02 100% Mostly dense-phase

* AI(PrO)s : Ni?*/Ni(OAc)2°4H20 : H3PO. : Ni-DIPI : HF : total water

Intensity (A.U.)

5 10 15 20 25 30 35
20

Figure 2.4 Corresponding PXRDs for Ni experiments using Ni-DIPI. All ratios
can be found in Table 2.2.

As with the materials that utilized as-made DIPI, the materials
synthesized with Ni-DIPI were characterized with acid site testing, SEM/EDX
and MAS-NMR for 3'P and 2’Al nuclei to identify any Ni incorporation. Again,

there was no evidence of Ni incorporation into the material.
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For manganese, we again see different behavior between DIPI and
DIBU, as well as differences in the system with no manganese (Figures 2.5 and
2.6, and Table 2.3). For DIPI with either added metal (Ni or Mn), a smaller
amount (0.12 eq) led to high-purity AFl. When more metal was added, however,
the DIPI system behaved differently between Ni and Mn. As previously
mentioned, additional Ni (0.25 and 0.38 eq) led to a mixed AFI/tridymite product
(Figure 2.1 a,b); additional Mn at the same equivalencies instead led to an
amorphous product (Figure 2.5 a,b). This result is in contrast to DIBU, which
produced a pure-phase Mn-AF| with all amounts of manganese (Figure 2.6) but
transitioned from dense-phase cristobalite to AF| with increasing amounts of Ni
(Figure 2.2). For both Figures 2.5 and 2.6, it is evident in the cristobalite
patterns that a shift to lower angle occurs as the metal equivalence increases.
Such a peak shift might be related to the a = [3 cristobalite phase transition,
which is commonly reported in the literature and can be associated to the
introduction of M?* cations into the limited voids of the structure.?? In the present
study, we hypothesize the phase transition to be due the potential, but limited,
insertion of Mn?* cations into the tetrahedral framework of the

aluminophosphate in replacement of aluminum.
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Figure 2.5 PXRD comparison of Mn-AFI syntheses (blue upper patterns) and
AFI| syntheses (black lower patterns) with DIPI as SDA: (a) 0.39 eq. Mn, 3.06
eq. water; (b) 0.25 eq. Mn, 2.66 eq. water; (c) 0.13 eq. Mn, 2.00 eq. water;
tridymite and cristobalite peaks are denoted with asterisks and open circles,
respectively. tridymite peaks are denoted with asterisks.

Intensity (A.U.)
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Figure 2.6 PXRD comparison of Mn-AF| syntheses (green upper patterns)
and AFI syntheses (black lower patterns) with DIBU as SDA: (a) 0.38 eq. Mn,
3.02 eq. water; (b) 0.25 eq. Mn, 2.74 eq. water; (c) 0.13 eq. Mn, 2.05 eq.
water; cristobalite peaks are denoted with open circles.
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Table 2.3 Manganese versus water studies for DIPI and DIBU SDAs

Ref IL Mn?eq. H2Oeq. Product Product**
Fig.2.5a DIPI 0.38 3.06 Amorphous AFI
Fig.2.5b DIPI  0.25 2.66 Amorphous AFI| + dense*

Fig.2.5¢c DIPI 0.13 2.00 Pure-phase AFI  Mostly dense
Fig.2.6a DIBU 0.38 3.02 Pure-phase AFlI All dense-phase
Fig.2.6b DIBU 0.25 2.74 Pure-phase AFlI All dense-phase
Fig.2.6¢c DIBU 0.13 2.05 Pure-phase AFlI All dense-phase
* dense-phase = cristobalite or tridymite
* no metal synthesis.

2.3.2 HF Studies

HF has been shown to be an important reagent in the synthesis of
aluminophosphate molecular sieves, aiding in precursor mineralization and can
also play a part in structure directing.® 82324 The above water studies resulted
in significant phase differences depending on whether substitutional metals
were present in the reaction mixture while maintaining the same total water
equivalencies. Likewise, it was also of interest to identify if the phase could be
controlled by varying the amount of HF, while keeping equivalencies constant
for both the water and substitutional metal (Ni or Mn). We again conducted
studies with both Ni (Figures 2.7 and 2.8, Table 2.4) and Mn (Figures 2.9 and
2.10, Table 2.5) in order to compare the results with those achieved in the water
studies. Additionally, we studied the influence of HF in systems without the

addition of metals (Figures 2.11 and 2.12, Table 2.6).
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Figure 2.7 PXRD comparison of Ni-AFI syntheses with varying HF
equivalency and DIP| as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.; (c) 0.36 HF
eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all contained 2.14 water
and 0.12 Ni equivalencies.
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Figure 2.8 PXRD comparison of Ni-AFI syntheses with varying HF
equivalency and DIBU as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.; (c¢) 0.36 HF
eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all contained 2.18 water

and 0.12 Ni equivalencies.
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Table 2.4 HF studies for nickel systems

Ref SDA Ni eq. HF eq. Structure

Fig. 2.7a DIPI 0.10 0.60 Amorphous

Fig. 2.7b  DIPI 0.10 0.48 Amorphous

Fig. 2.7c  DIPI 0.10 0.36 Amorphous

Fig. 2.7d  DIPI 0.10 0.24 Amorphous

Fig. 2.7e  DIPI 0.10 0.12 Amorphous

Fig. 2.7f _ DIPI 0.10 0.00 Amorphous

Fig. 2.8a DIBU 0.10 0.60 AFI

Fig. 2.8b DIBU 0.10 0.48 AFI

Fig. 2.8c DIBU 0.10 0.36 AFI

Fig. 2.8d DIBU 0.10 0.24 AFI

Fig. 2.8e DIBU 0.10 0.12 AFI

Fig. 2.8f DIBU 0.10 0.00 Amorphous
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Figure 2.9 PXRD comparison of Mn-AF| syntheses with varying HF

equivalency and DIPI as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.; (c) 0.36 HF
eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all contained 2.2 water
and 0.11 Mn equivalencies.
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Figure 2.10 PXRD comparison of Mn-AF| syntheses with varying HF
equivalency and DIBU as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.; (c¢) 0.36 HF
eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all contained 2.2 water
and 0.11 Mn equivalencies.

25 30 35

Table 2.5 HF studies for manganese systems.

Ref SDA Mneq. HFeq. Structure
Fig.2.9a DIPI 0.10 0.60 Amorphous
Fig. 2.9b  DIPI 0.10 0.48 Amorphous
Fig. 2.9c  DIPI 0.10 0.36 Amorphous
Fig.2.9d DIPI 0.10 0.24 Amorphous
Fig. 2.9e  DIPI 0.10 0.12 Amorphous
Fig. 2.9f DIPI 0.10 0.00 Amorphous

Fig. 2.10a DIBU 0.10 0.60 AFI
Fig. 2.10b DIBU 0.10 0.48 AFI
Fig. 2.10c DIBU 0.10 0.36 AFI
Fig. 2.10d DIBU 0.10 0.24 AFI
Fig. 2.10e DIBU 0.10 0.12 AFI
Fig. 2.10f DIBU 0.11 0.00 Amorphous
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Figure 2.11 PXRD comparison of the transition metal-free syntheses with
varying HF equivalency and DIPI as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.;
(c) 0.36 HF eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all
contained 2.2 water equivalencies.
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Figure 2.12 PXRD comparison of the transition metal-free syntheses with
varying HF equivalency and DIBU as SDA: (a) 0.60 HF eq.; (b) 0.48 HF eq.;
(c) 0.36 HF eq.; (d) 0.24 HF eq.; (e) 0.12 HF eq.; (f) 0.00 HF eq.; all
contained 2.2 water equivalencies; tridymite and cristobalite peaks are
denoted with asterisks and open circles, respectively.
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Table 2.6 HF studies for no-metal systems

Ref SDA HF eq. Structure
Fig. 11a  DIPI 0.60 AFI
Fig. 11b  DIPI 0.48 AFI
Fig. 11c  DIPI 0.36 Amorphous
Fig. 11d DIPI 0.24 Amorphous
Fig. 11e  DIPI 0.12 Amorphous
Fig. 11f DIPI 0.00 Amorphous
Fig. 12a DIBU 0.60 AFI
Fig. 12b  DIBU 0.48 AFI
Fig. 122c  DIBU 0.36 AFI
Fig. 12d  DIBU 0.24 AF| + dense”
Fig. 12e  DIBU 0.12 AFI + dense
Fig. 12f DIBU 0 AFI| + dense

* dense-phase = cristobalite or tridymite

The HF data are in agreement with our previous results, suggesting that
the DIPI SDA is not as efficient in templating AFI as DIBU. For both Ni and Mn
reactions using DIPI as the SDA, no AFI product was recovered, with only
amorphous phases being observed (Figures 2.7 and 2.9). Interestingly, when
no metal is added to the DIPI system, we see the formation of the AFI
framework at higher HF equivalences (Figure 2.11). For DIBU SDA, both Ni or
Mn in the reaction mixture supported the formation of AFI with any amount of
HF (Figures 2.8 and 2.10). When no Ni or Mn was introduced, it takes more
than 0.24 eq of HF to achieve a quality AFI pattern with no dense-phase PXRD
peaks (Figure 2.12). These HF experiments further confirm the stronger
structure directing ability of the DIBU SDA compared to DIPI. Moreover, when

the DIBU is paired with even a small addition of Mn in the reaction mixture, the
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amount of HF needed to support an AFI pattern is reduced. These points will

be further elucidated in the following sections.

2.3.3 Modeling Data

Since the DIBU was consistently more predictable in forming the AFI
topology, we wanted to further understand this behavior. One possibility for the
observed Mn-AFI products is the templating strength of the SDA. If one SDA
has a better fit over another, there is likely an increased possibility of nucleation
of the porous structure. For this reason, modeling of the fit was performed for
DIPI, DIBU and dicyclohexylimidazolium (DICH) for comparison to an organic

with bulky side groups (Figure 2.13).
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Figure 2.13 Modeling data with DIBU displaying the most favorable SDA
interaction energy within the AFI framework.
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Although DIBU does have the most favorable interaction energy within
the AFI channels, the slight structural difference between DIBU and DIPI is not
necessarily large enough to predict such a difference in results when adding
Ni, Mn or water into the synthesis. Manganese certainly appears to play a role
in the synthesis of an AFI structure. When Mn is not in the system, the majority
phase is dense-phase tridymite or cristobalite for both DIPI and DIBU unless at
least triple the amount of HF is added to the reaction mixture. Once Mn was
introduced in a small amount (0.10 to 0.13 eq.), both SDAs readily form pure-
phase AFIl. When DIPI is used as the SDA, higher amounts of Mn (0.25 to 0.38
eq.) result in an amorphous phase, whereas DIBU still forms AFI with higher
amounts of Mn. Mn?* sites should introduce a negative charge (MnO4%~ or
MnQ4~ if accounting for oxygen sharing). Since the SDAs are cationic, it would
be attracted to that negatively charged species, around which the precursors
would form a porous network. The slight energy reduction with DIBU as
compared with DIPI (Figure 2.13) may encourage faster nucleation, leading to
pure AFI phase more quickly. The DIPI may simply need more time to form a
framework, moving out of the amorphous stage of synthesis. Acetate was also
being added to the reaction mixture as part of the metal salt. This would
deprotonate at least some of the water, as acetic acid is a weak acid (Ka = 1.8
x 107°). OH~ would then act as a mineralizer, perhaps promoting condensation
polymerization into a porous phase. Both metal salts, however, are acetates

and thus the metal itself is clearly a more important factor.
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2.3.4 TGA Analysis

To test the above hypothesis of Mn acting as an anchor for the SDA,
TGA was run for Mn-AFI and AFI products from both DIPI and DIBU. If the
transition metal is charge-balancing the cationic SDA, it should be slightly more
heat stable than the aluminophosphate material. As expected, the TGA curves
for DIBU support this hypothesis (Figure 2.14 a). After water loss, the pure AFI
and Mn-AFI| both have two main mass losses. The first for Mn-free AFI occurs
at~ 270 °C (1.8% mass), but for Mn-AFI| occurs at around 340 °C (5.2% mass).
These losses are possibly related to neutral DIPI-Br salt molecules occluded in
the pores. The second mass loss for Mn-free AFI occurs at 350 °C (8.2%
mass), while for Mn-AFI it occurs at 410 °C (2.3% mass), possibly related to
electrostatically bound DIBU ions within the framework.

TGA for the DIPI products (Figure 2.14 b) is markedly different for Mn-
AFI, although the pure AFI data is similar. For Mn-AFI, there are four mass
losses. The small, broad peak around 150 °C (0.6% mass) is likely
chemisorbed water, while the event at 265°C (0.4 %) could be attributed to
unbound DIBU-Br. The two higher temperature events are similar to the Mn-
AFI obtained with DIBU but occur a little earlier, at 330 °C (1.4% mass) and
375 °C (0.3% mass), with lower mass loss as expected for a smaller organic
molecule. As with the DIBU, the third and fourth mass losses from the DIPI
synthesis are attributed to the potential SDA interaction with the Mn and Br salt,

respectively. The amorphous products (blue patterns in Figure 2.5a,b) display

97



very different traces (Figure 2.15), with loss of water followed by a very gradual

mass loss, likely due to condensation.
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Figure 2.14 TGA traces (solid lines; first derivatives are shown as dashed
lines) for (a) DIBU and (b) DIPI. AFl is shown as blue lines and Mn-AFl is
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shown as black lines. Blue bars highlight the water loss region, yellow-orange
bars highlight mass losses for AFI and brown bars highlight mass losses for
Mn-AFI.
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Figure 2.15 TGA of amorphous materials using DIPI SDA. Top: 0.25 eq. Mn,
2.66 eq. water; bottom: 0.39 eq. Mn, 3.06 eq. water. The % mass loss of the
two materials from 160 to 600 °C were identical, indicating that the same
amount of SDA existed in both materials.

Clearly, the introduction of metal into the syntheses plays a significant
role in the resulting product. With this in mind, we were interested in
determining if there was actual metal incorporation into the frameworks of these
materials. We first studied the nickel syntheses for both DIPI and DIBU SDA.
SEM/EDX mapping, ICP-OES elemental analysis, MAS-NMR and acid site
testing all suggested there was no incorporation of Ni into the product, in

agreement with the recent study by Benin at al.’® Due to the seemingly strong
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pairing of the DIBU SDA with manganese, further characterization studies were

conducted for the Mn-AFIl and AFI materials.

2.3.5 In-depth Characterization of Mn-AFI
EPR.

EPR analysis was conducted with the primary intention of establishing
the presence of Mn in the material and the additional hope of identifying the
geometry of the Mn. The sample for this analysis was Mn-AFI made with DIBU
SDA (see PXRD, Figure 2.6c, green pattern). The anisotropic spectrum
displays the six distinct hyperfine lines of paramagnetic Mn?* (I = 5/2),
confirming the presence of Mn (Figure 2.16). The g-value was calculated to be
1.9932+0.0005 for as-made Mn-AF| and 1.9925+0.0005 for calcined Mn-AFI,
which is in line with the g-value for distorted octahedral Mn?*.25 The coupling
constant for the hyperfine splitting was unable to be resolved, so the

coordination environment could not be fully determined.'326
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Figure 2.16 EPR spectra at varying temperature. Left: RT; right: 121 °C.
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MAS-NMR

MAS-NMR spectra were collected for Mn-AFIl and AFI made with DIBU
SDA. Inspection of the 3'P spectra for AFI versus Mn-AFI suggests there is an
influence on the environment for the phosphorous (Figure 2.17). In fact, the line
shape appears to be very similar to that of the *'P spectra of Co-AFI reported
by Benin et al,’® which shows evidence of Co within the molecular sieve.
Additionally, **Mn NMR shows evidence of manganese in several different
environments (Figure 2.18). Due to limited >>Mn NMR literature on Mn-APO
peak assignments, the actual coordination environments are difficult to directly
assign. From previous literature on typical MAPO assignments, however, the
peaks are anticipated to be associated with Mn(H20)s?*, MnOs and
MnO4(H20)s.18:27-2

An extensive NMR study of MnAPO-5 by Goldfarb et al. suggests a
small amount of Mn can incorporate into the AFI framework but Mn can also
reside in an extra-framework position.?¢ As mentioned previously, our Mn-AF|
material was light pink in color after calcination. Their MnAPO-5 study
discovered that the pink color is due to water adsorption and the resulting
formation of extra-framework [Mn(H20)6]?*.26 It has been shown that in an AFI
framework, Mn often does not incorporate into tetrahedral sites but rather in a
distorted octahedral environment, with weak interactions to Al and P.'33031
Here, the 3'P spectra suggest the possibility of Mn substitution and the 55Mn

spectra show Mn in multiple environments. Most noticeably, after calcination
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the peak at ~ 1200 ppm becomes much more prominent than in the pre-
calcined material (Figure 2.18). This peak is very likely Mn(H20)s?*, given the
light pink color of the calcined material. The remaining peaks around 400 and
600 ppm post-calcination, however, suggest some manganese may still reside

within the structure of the molecular sieve.

Mn-AFI

AFI

15 10 5 o -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60
1 (ppm)

Figure 2.17 3'P MAS-NMR of Mn-AFI versus AFI, both made with DIBU SDA.
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Mn-AFI after calcination

Mn-AFI before calcination

-4doo -3000 2000 -100 1000 2000 3000 4000
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Figure 2.18 **Mn MAS-NMR of Mn-AFI made with DIBU SDA, before and
after calcination.

With initial results showing promise for Mn incorporation into the AFI
framework, a more in-depth NMR study was completed. We obtained SS-NMR
data for 27Al, 3P, "°F and '3C and analyzed both crystalline and amorphous
materials. Above, we saw a distinct difference in products obtained with the
DIPI IL compared with the DIBU IL via PXRD (vide supra). By looking at the
six-coordinate Al (AlOgsor AlOsF) NMR peaks versus four-coordinate (AlO4)
peaks, we were able to elucidate the quantitative amounts of amorphous
versus crystalline material in the product. This method has been shown to be
much more sensitive than PXRD: the PXRD had a pattern distinct to AFI, but
SS-NMR reveals that the product was actually only 41% crystalline AFI (Table
2.7). When analyzing the products with and without Mn, a very interesting result

was discovered. When Mn was introduced into the synthesis, the 3'P relaxation
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times drop dramatically. For DIPI SDA, the difference in amorphous product
changes from 23 s without metal to 6.5 s with metal. The DIBU AFI| product
changes from 58 s without Mn to a drastically reduced 3.2 s when Mn is present
(Table 2.7), with increased crystallinity (vide infra). Although it would be
interesting to identify whether an amorphous product from the Mn-DIBU system
had reduced relaxation times, the only amorphous product we were able to
obtain in this system was one that was formed without the use of HF, which

would not be a direct comparison.

Table 2.7 MAPO compounds studied and NMR measurements

SDA Mn Phase [AlO4]/[Total AlOx] 3'P T+ [*'P]J/unit mass

DIPI no amorphous 7.06% 23s 65.4%
DIPI yes amorphous 7.07% 6.5s 63.1%
DIPI  no AFI 41.0% 35s 80.9%
DIBU no AFI 83.6% 58 s 100%
DIBU yes AFI 72.9% 32s 62.8%

Benin et al. observed a similar result for their Co-AFI| product, but when
Ni was added to the reaction, there was no drastic change in relaxation time.'®
Cobalt has been shown to readily substitute into an AFIl framework whereas
nickel has not. This further suggests Mn incorporation into our AFI framework.
DIBU appears to crystallize AFI with much higher efficiency. 3'P NMR shows
the majority of signal is around -30 ppm, indicating the dominant species is PO4
(Figure 2.19). The resonance at -12 ppm indicates the presence of some

amorphous phase, which could not be observed by PXRD. This peak is,
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however, barely noticeable, estimated to be about ~ 5 %. Interestingly, the 3'P
resonances are relatively well resolved, showing several different peaks for the
crystalline POg4 units, which has not been observed in other AFI products using

smaller SDAs'® and may help explain the success of the DIBU SDA.

3P MAS NMR 2TA] MAS NMR
SDA: DIBU SDA: DIBU ‘
\". ;"‘i
\‘ | ‘
| 1 IR
Mn-AFlI al H‘
I B | - “‘
" Mn- AFI | ‘.
¥ ‘\ - | ‘
[ [ [
\‘ |
. [
N ||
- .
N - \
AFI "\ AFI /RN
40 20 0 -20 -40 -60 100 50 0 -50
ppm ppm

Figure 2.19 3'P MAS-NMR (left) and 2’Al MAS-NMR (right) of Mn-AFI (red)
versus AFI (blue), both made with DIBU SDA.

Analysis of "*C CP-MAS-NMR confirms that the SDA is still intact and
the weakening of the signal for Mn-AFI| compared to AFl is indicative of the
paramagnetic influence of Mn?* (Figure 2.20). This result further suggests

incorporation of Mn into the crystalline AFI framework.
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Figure 2.20 '*C CP-MAS-NMR of Mn-AFI (top, red) versus AFI (bottom, blue)
synthesized with DIBU SDA.

Analysis of the NMR data provides compelling evidence of Mn?*
incorporation into the AFI framework when the DIBU SDA is used as the
template. MAS-NMR and EPR both point to intraframework Mn substitution,
although the geometry of the Mn species is still in question. Furthermore, using
DIBU as SDA led to a pure-phase or near pure-phase Mn-AF| every time. There
is no doubt a synergistic effect is seen when pairing DIBU with Mn to produce

an AFI product.

EXAFS analysis.

The Mn-AF| material was analyzed both at room temperature and at 373

K. As showed in Figure 2.21 and Table 2.8, the analysis confirmed the
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presence of divalent manganese. The coordination of the metal was
determined to be 3.8 + 0.5 at 373 K, corroborating the presence of tetrahedrally
coordinated manganese in the AFl material. At room temperature, however,
the coordination was found to be 5.1 + 0.5, which might simply be due to

coordination of a water molecule.

2.0

Mn foil
MnSO,
Mn,O,
Sample-RT
Sample-373K

Mn RT
Mn 373K

[FT(Rx(DIA™)

XANES(a.u.)

0.5

0.0

T T T T T
6540 6550 6560 6570 6580 R+A(A)
Energy(eV)

Figure 2.21 EXAFS analysis was measured at room temperature and 373K,
confirming Mn is present in the sample.

Table 2.8 Results of the EXAFS analysis. N: coordination number; R:
distance between absorber and backscattering atoms; o2: Debye-Waller
factor to account for thermal and structural disorders. Error bounds
(accuracies) that characterize the structural parameters were estimated as R
+ 0.01; 02 + 0.0008; AE * 0.8. Sp was fixed at 0.64 as determined from
Mn2Os fitting (fitting range: 2.0 <k(/A) <10 and 1.0 < R(A) < 2.0)

o/\/\/ /\',\ —

Sample Path N R(A) o0?(x10° A%  AEoeV) R(%)
Mn-RT  Mn-O 5105 209 87 1.2 0.01
Mn-373K Mn-O 3.8¢0.5 2.05 5.1 2.4 0.01
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2.4 Conclusions and Future Directions

New, simple synthesis routes were discovered for MnAPO-5 using two
different ionic liquids (ILs), DIPI and DIBU. Both Ni?* and Mn?* are challenging
metals to substitute into tetrahedral frameworks due to their preferred
octahedral geometries. We demonstrated that the presence of a transition
metal influences the phase and crystallinity of the material. We have also found
a strong synergistic effect when using DIBU and Mn together, resulting in pure-
phase or near pure-phase Mn-AFl in all syntheses. There was compelling
evidence of Mn incorporation into the framework by EPR, in-depth NMR and
EXAFS. Each IL/SDA demonstrated opposite phase behavior when the
syntheses included varying level of nickel in the reaction mixture. Future
investigations include mode of formation and kinetic studies on the influence of
the paramagnetic metal. lonothermal synthesis is a simple one-pot reaction and
has nearly zero vapor pressure making it a very promising route to MAPO-n

syntheses.
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Chapter 3 - A flexible silver and bipyridine coordination
polymer for the high-capacity trapping of perrhenate, a

pertechnetate surrogate

Abstract

Pertechnetate, the most stable form of the radionuclide **Tc in aerobic
aqueous systems, is a hazardous anion presented in nuclear waste. Its high
mobility in water makes the remediation of the anion challenging. In the last
decade, significant effort has been placed into finding materials capable of
adsorbing this species. Here, we present the synthesis and high-resolution
crystal structure of a new coordination polymer, [Ag(2,4'-bipyridine)]NOs, which
is capable of sequestering perrhenate—a pertechnetate surrogate—through
anion exchange to form another new coordination polymer, [Ag(2,4'-
bipyridine)]ReO4. Both the beginning and end structures were solved by single
crystal X-ray diffraction and the adsorption reaction was monitored through
inductively coupled plasma - optical emission spectroscopy and UV-Vis
spectroscopy. The exchange reaction follows a pseudo-second-order
mechanism and the maximum adsorption capacity is 764 mg ReOu/g [Ag(2,4'-
bipyridine)]NOs3, one of the highest ever recorded for a coordination polymer or
metal-organic framework. Further, the material has excellent selectivity towards
perrhenate in the presence of up to 200x molar excess of sulfate. We also

investigate the flexibility of [Ag(2,4'-bipyridine)]NOs through its anisotropic
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thermal distortion and its ability to fold around perrhenate, thereby stabilizing

the post-exchange coordination polymer.

3.1 Introduction

Coordination polymers (CPs) are hybrid organic/inorganic materials
defined by IUPAC as “coordination compounds with repeating coordination
entities extending in 1, 2, or 3 dimensions”. CPs’ polymeric structures are
composed of metal centers covalently bridged to each other by organic ligands.
Although the terms coordination polymer and metal-organic framework (MOF)
are sometimes used interchangeably, in this Chapter, we will refer to MOFs as
a subtype of CPs that present covalent polymeric growth in three dimensions,
while CPs may possess lower covalent dimensionality. Due to their
compositional and structural tunability, these materials have been studied in
various applications, including gas adsorption,’ energy storage,? catalysis,?
luminescence,* sensing,’® and selective anion crystallization.®’

CP’s covalent dimensionality is generally ruled by the possible
coordination modes of the metals used and the ligands’ hapticity and spatial
orientation. For example, in [Ni(.-Tyr)2(4,4"-bipy)]-4H20, only two bidentate
bipyridine (4,4'-bipy) ligands coordinate to Ni?*, forming polymeric nearly linear
1D chains of alternating Ni?* and 4,4'-bipy units. The other binding sites of the
Ni2* octahedral centers are occupied by tyrosine ligands, which do not allow

further polymeric growth in other directions.® [Cu(4,4'-bipy)2(BF4)2] also
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contains the same bipyridine ligands. In this case, however, they bind to the
metal centers in all four equatorial positions, while BF4 ions occupy the trans
sites, resulting in a coordination polymer based on 2D square grids.®'® A
strategy to increase the dimensionality of the Cu?*/4,4'-bipy system using
anions that can simultaneously coordinate to two 2D motifs. This is exemplified
by GeFs* in [Cu(GeFs)(4,4'-bipy)2]-8H20, where each of its fluoride atoms binds
to different Cu?* centers."" Figure 3.1 shows the above coordination polymers

based on 4,4'-bipy with different dimensionality.

Figure 3.1 Coordination polymers based on 4,4'-bipyridine showing different
dimensionalities: (a) 1D [Ni(L-Tyr)2(4,4"-bipy)]-4H20;8 (b) 2D [Cu(4,4'-
bipy)2(BF4)2];%'° (c) 3D [Cu(GeFe¢)(4,4'-bipy)2]-8H20."" Hydrogen atoms
omitted for clarity; color scheme: C — black; N — blue; O — red; Ni — light
green; Cu — orange; F — magenta; B — yellow; Ge — dark green.
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One-dimensional CPs are of great interest as they are usually easier to
crystallize than higher-dimensionality materials. Because of their simpler
topology and fewer coordination array possibilities, better synthetic control is
possible. Zhao et al. recently presented an extensive review of 1D CPs based
on N-donor ligands. The authors reported five topologies commonly adopted
by the 1D covalent chains: linear, zigzag, ribbon, ladder, and helical (Figure
3.2). These diverse topologies can be achieved using of ligands with different

flexibilities and chiralities.'?

Linear QENNOEENNOENNOENND

Zigzag W

Ladder

Helical

@ wvetalions (@) &~ Ligands @ Axis

Figure 3.2 Common topologies adopted by 1D coordination polymers based
on N-donor ligands.'

Besides the dimensionality of the structure, another feature that

significantly affects the supramolecular chemistry of these compounds is the

117



overall charge of the covalent framework. By using low-valence cationic metals
and neutral ligands, it is possible to obtain CPs with a positive charge, counter-
balanced by anions residing in the structure’s cavities. Because these anions
are often weakly bound to the covalent framework via electrostatic interactions,
cationic coordination polymers have been widely used in ion exchange
applications.'3-15

CPs are also unique because they may present higher structural
flexibility and elasticity when compared to porous inorganic materials such as
zeolites and aluminophosphates. Materials with such flexibility and elasticity
are often referred to as soft porous crystals (SPCs), defined as “porous solids
that possess both a highly ordered network and structural transformability”.'®
One subtype of SPCs are the so-called flexible CPs, materials capable of
changing crystallographic features such as unit cell volume through the
adsorption/desorption of guest molecules.'” This dynamic framework feature
can make them capable of better accommodating species residing in their
porous structures. Recent reports show that this class of materials can be used
for the adsorption of a wide range of species, such as linear dicarboxylic
acids,'® hydrocarbon gases,'® cobalt(ll) ions,?® and alkanes.?

The possible flexible porosity and positive charge of CPs make these
materials great candidates for the adsorption of pollutant oxyanions, such as
pertechnetate TcO4. Technetium is a hazardous radionuclide introduced into

nature mainly by anthropological sources, and it is estimated that 1 kg of
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radionuclide is produced for every ton of enriched uranium fuel fissioned.??
Once in aqueous systems, the most stable form of the long-lived *°Tc is the
pertechnetate ion TcO4~, with high water mobility due to its high solubility and
weak coordination.?> Currently, one of the most common strategies for the
remediation of pertechnetate focus on the use of sorption methods. Recent
studies employ bentonites,?* carbazole derivatives,?® cationic electrospun
fibers,?® modified commercial resins,?”?8 layered double hydroxides,?® cationic
polymeric networks,®3' mineral incorporation,®? coordination polymers
(CPs),%® and metal-organic frameworks (MOFs).3* To safely explore
pertechnetate chemistry in a laboratory environment, it is common practice to
use perrhenate as its surrogate, as TcOs4 and ReOs present the same
geometry, charge and similar size.

Here, we report a flexible cationic coordination polymer [Ag(2,4'-
bipyridine)]NO3 (which we denote SLUG-53, for University of California, Santa
Cruz, Structure No. 53) and its ability to sequester perrhenate through an anion
exchange reaction. The rotational freedom of the central single carbon bond of
the 2,4'-bipyridine ligand allows for a dynamic framework capable of uniquely
accommodating the guest ion to form the new cationic CP [Ag(2,4'-

bipyridine)]ReO4 (which we denote SLUG-54).
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3.2 Experimental
3.2.1 Materials

All reagents were used as-purchased: silver nitrate (Thermo Scientific,
99.9+%), 2,4'-bipyridine (2,4'-bipy, TCI), sodium perrhenate (Alfa Aesar,

99.95%) and sodium sulfate anhydrous (Fisher Scientific).

3.2.2 Synthesis of [Ag(2,4'-bipy)]NO3 (SLUG-53)

5 mL aqueous solution of AQNO3 (4.000 mmol, 0.6795 g) were added
dropwise to 5 mL aqueous solution of 2,4'-bipyridine (1.000 mmol, 0.1562 g)
under magnetic stirring. Upon addition, a white solid instantly precipitated. The
resultant suspension was transferred to a Teflon-lined stainless-steel
autoclave, placed in an oven at 145 °C for 5 d and then slowly cooled to room
temperature at a rate of 0.1 °C/min. Colorless needle crystals suitable for single
crystal X-ray diffraction (SCXRD) were isolated by vacuum filtration and rinsed
with Milli-Q water. Yield based on 2,4'-bipyridine: 76.7%.

A polymorph material of SLUG-53 has been reported in the literature
and will be discussed later in the paper. Such material was synthesized by
combining methanolic equimolar solutions of AQNO3 and 2,4'-bipyridine at 50

°C 35
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3.2.3 Synthesis of [Ag(2,4'-bipy)]ReO4 (SLUG-54)

An anion exchange reaction between SLUG-53 and NaReOs was
prepared by placing 0.200 mmol (0.0652 g) of SLUG-53 in a beaker containing
10 mL of Milli-Q water and NaReO4 (0.200 mmol, 0.0546 g), resulting in a white
powder. Yield based on NaReOas: 69.5%. The pH of the perrhenate solution
was 5.7, and the pH of the mixture after 24 h reaction with SLUG-54 was 5.3.
For large single crystals, an identical reaction mixture was transferred to a
Teflon-lined stainless-steel autoclave, kept at 145 °C for 3 d and then slowly
cooled to room temperature at a 0.1 °C/min rate. Colorless needle crystals
suitable for single crystal X-ray diffraction (SCXRD) were isolated by vacuum

filtration and rinsed with Milli-Q water. Yield based on NaReO4: 43.3%.

3.2.4 Perrhenate uptake quantification

Adsorption kinetics were studied by performing an exchange reaction
between SLUG-53 and NaReO4 as described above. Aliquots were collected
at0.5, 1, 2, 3 and 4 h, syringe filtered and then analyzed by ICP-OES. The data

was fitted to a pseudo-second-order model described in Equation 3.1.

t 1 t
= + — 3.1
qac k297 qe (3.1)
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where t is the reaction time (min), q: is the material’'s adsorption at time t (mg-g
"), k2 is the rate constant (g-mg™-min'), and g. is the adsorption capacity at
equilibrium (mg-g™").

Sorption isotherms were obtained by placing 10 mg of CP in contact with
10 mL solutions of NaReOs with concentrations varying from 100 ppm to 1000
ppm. The reactions were kept under magnetic stirring for 24 h. Aliquots were
collected for each reaction, syringe filtered and then analyzed by ICP-OES. The

data was fitted to a Langmuir model as described in Equation 3.2.

C 1 C
Lo 14l 3.2
de amKy, dm ( )

where C. is the concentration of perrhenate ions at equilibrium (mg-L™"), gm is
the maximum adsorption capacity (mg-g™*), and K. is the Langmuir model
constant (L-mg"). Both the adsorption kinetics and isotherms were obtained in

triplicate.

3.2.5 Selectivity studies

SLUG-53 selectivity to uptake perrhenate was studied under two
different molar excesses of sulfate. For a 50-fold excess, 0.4000 mmol (0.1304
g) of SLUG-53 was placed in a beaker containing 20 mL of Milli-Q water,
NaReO4 (0.4000 mol, 0.1093 g), and Na>S0O4 (20.000 mmol, 2.8408 g). For a

200-fold excess, 0.4000 mmol (0.1304 g) of SLUG-53 was placed in a beaker
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containing 50 mL of Milli-Q water, NaReO4 (0.4000 mol, 0.1093 g), and Na>SO4
(50.0000 mol, 11.3632 g). A higher volume of water was used for the 200-fold
excess reaction to guarantee the dissolution of the sulfate salt. Both reactions
were performed in triplicate, syringe filtered, and the filtrate analyzed by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) for

elemental quantification.

3.2.6 Instrumentation
Elemental Analysis

The concentrations of Re and Ag in the samples were obtained by ICP-
OES on a PerkinElmer Optima 4300DV using yttrium as an internal standard
and rhenium and silver solutions as external standards. The Re concentrations
were then converted to perrhenate to be used in the kinetics and adsorption
model studies. The equipment detection limits for Re and Ag were 5 ppb and 3

ppb, respectively.

Thermal stability analysis
Thermogravimetric analyses (TGA) were performed under nitrogen flow
on a TA Instruments Q500 TGA with a temperature range of 25-500 °C at a

heating rate of 10 °C/min.
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Powder X-ray diffraction

Powder X-ray diffraction (PXRD) samples were prepared by grinding the
synthetic products with a mortar and pistil and placing the resulting materials in
an aluminum sample holder. The data was collected on a Rigaku Americas
Miniflex Plus powder diffractometer under Cu Ka radiation (A = 1.5418 A) with

a scanning range of 2° to 35° (20) at a rate of 2°/min with a 0.02° step size.

Variable temperature PXRD analysis

Ex situ variable temperature PXRD (VT-PXRD) was performed by
heating the samples in a box furnace oven to 100, 200, 275, 300, 400 and 500
°C at a rate of 2°/min in air. The samples were analyzed on a Rigaku SmartLab
X-ray Diffractometer with Cu Ka radiation (A = 1.5418 A) in parallel beam

geometry from 2° to 50° (20) at a scan rate of 2°/min and 0.02° step size.

Single crystal X-ray diffraction (SCXRD)

Colorless crystals having dimensions 0.43 x 0.11 x 0.06 mm?® (SLUG-
53-RT*), 0.50 x 0.06 x 0.05 mm3 (SLUG-53) and 0.20 x 0.17 x 0.13 mm3
(SLUG-54) were secured to Mitegen micromounts using Paratone oil and their
SCXRD data was collected using a Rigaku Oxford Diffraction (ROD) Synergy-
S X-ray diffractometer equipped with a HyPix-6000HE hybrid photon counting
(HPC) detector and microfocused Cu Kq1 radiation (A = 1.54184 A). All data

were collected at 100 K except for SLUG-53-RT, whose data was collected at
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287 K. Data collection strategies for all samples to ensure completeness and
desired redundancy were determined using CrysAlisP™.36 Data processing was
performed using CrysAlisP® and included numerical absorption corrections
determined via face-indexing for samples SLUG-53-RT and SLUG-54. A multi-
scan absorption correction was applied to SLUG-53 using the SCALE3
ABSPACK scaling algorithm.3” All structures were solved via intrinsic phasing
methods using ShelXT38 and refined using ShelXL?® in the Olex2 graphical user
interface.*® Space groups were unambiguously verified by PLATON.#! The final
structural refinement included anisotropic temperature factors on all non-
hydrogen atoms. All hydrogen atoms were attached via the riding model at
calculated positions using suitable HFIX commands.

Selected crystallographic parameters are given in Table 3.1. Optical
microscope images of SLUG-53 and SLUG-54 morphologies are depicted in
Figure 3.3.

*SLUG-53 material was synthesized as described in the experimental section

but with SCXRD data collected at room temperature.
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Table 3.1 Crystallographic parameters for SLUG-53 collected at 100 K and
287 K, and SLUG-54 collected at 100 K.

Compound  SLUG-53 (100 K) SLUG-53 (287 K) SLUG-54

Formula C10HsAgN303 C10HsAgN3O3 C10HsAgN204Re
FW 326.06 326.06 514.25
T (K) 100 287 100
A (A) 1.54184 1.54184 1.54184
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P24/c P21/n
a (A) 9.2352(7) 9.9566(3) 7.60620(10)
b (A) 9.8442(7) 9.9051(2) 11.2555(2)
c(A) 11.6191(8) 11.0666(3) 14.3200(2)
B (°) 99.343(7) 100.387(2) 101.094(2)
Volume (A3) 1042.32 1073.51(5) 1203.05(3)
Z 4 4 4
Pcalc (Mg/m3 ) 2.078 2.017 2.839
Size (mm?3) 0.05x0.06 x0.49 0.06x0.11x043 0.13x0.17x
0.20
B range (°) 5.85 — 66.40 4.52 — 66.96 5.03 - 67.07
Total data 7522 7818 8314
Unique data 1841 1908 2147
Parameters 154 155 164
Completeness 99.7% 99.9% 100%
Rint 6.50% 4.57% 4.36%
R1 (1> 20) 3.88% 3.47% 3.54%
R1 (all data) 4.13% 3.79% 3.59%
wR2 (1 > 20) 10.53% 9.64% 9.52%
wR: (all data) 10.74% 9.96% 9.58%
S 1.038 1.076 1.028
Min, max -0.848, 1.520 -0.964, 0.486 -0.954, 2.429
(e A3)
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Figure 3.3 Optical microscopy images depicting the morphology of crystals of
(a) SLUG-53 and (b) SLUG-54.

UV-Vis analysis
UV-Vis analysis was performed using quartz cuvettes on a Hewlett-
Packard model 8452A UV-vis spectrophotometer with wavelength ranging

from 190-820 nm.

Optical Microscopy
The morphologies of SLUG-53 and SLUG-54 crystals were examined
on a Zeiss Axioskop 2 MAT microscope under bright-field light and 5x

augmentation lenses.
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3.3 Results and Discussion

[Ag(2,4'-bipy)]NOs (SLUG-53) was synthesized by the combination of
the organic ligand 2,4'-bipyridine and silver nitrate. The low coordination
number and +1 oxidation state of silver coupled with the neutral ligand allowed
the formation of a coordination polymer with the cationic stoichiometry [Ag(2,4'-
bipy)*], counterbalanced by nitrate ions from the silver salt reagent. In order to
guarantee an extended polymeric structure, a molar excess of silver nitrate in
relation to 2,4'-bipy was necessary. Equimolar reactions led to the formation of
a molecular solid (SLUG-55), as confirmed by SCRXD. Although showing
significant disorder in the solvent molecules and nitrate groups, the structure

was confirmed to have non-polymeric connectivity (Figure 3.4).

s . . O_
<+ - : \
e OO0 : Se:
Figure 3.4 Single crystal structure of SLUG-55. Although major disorders are
observed in the extra-framework moieties, it is possible to conclude that a

molecular structure was obtained. Hydrogen atoms omitted for clarity; color
scheme: Ag — gray; N — blue; O — red; C — black.

A molar excess of AQNO3 as low as 1.5 times and as high as 4 times

resulted in phase-pure SLUG-53 (Figure 3.5).
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Figure 3.5 PXRD patterns of reaction products using different molar ratios of
AgNOQOg3 to 2,4'-bipyridine: (a) Reference SLUG-53 phase obtained from the
same sample solved by SCXRD; (b) Reference molecular structure obtained
from the same sample solved by SCXRD; (¢) 1:1 molar ratio, molecular
phase; (d) 1.5:1 molar ratio, SLUG-53; (e) 2:1 molar ratio, SLUG-53; (f) 2.5:1
molar ratio, SLUG-53; (g) 3:1 molar ratio, SLUG-53; (h) 4:1 molar ratio,
SLUG-53.
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3.3.1 Structural Description of SLUG-53

SLUG-53 crystallizes in space group P2+/c as colorless needle crystals.
Its structure consists of zigzag chains growing in the direction of the
crystallographic b-axis, formed by covalent bonds between silver and the
nitrogen atoms of the 2,4'-bipy (Figure 3.6 a). Each silver atom connects to two
ligands, binding through the nitrogen in the 4’ position of one 2,4'-bipy (N2) and
the 2 position of a second 2,4'-bipy (N3). Each ligand binds to another silver

atom through its second nitrogen, leading to the modulating polymer. The Ag-
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N3 bond length is 2.203(4) A, and the Ag-N2 bond length is 2.179(3) A. The
silver also binds to one oxygen of a nitrate ion, with an Ag-O3 distance of
2.590(3) A. The zigzag chains are not perfectly flat, with an N2-Ag-N3 angle of
163.73(13)°, resulting in a distorted T-shape geometry for the silver centers.
The nitrate ions are positioned in the pockets of the zigzags, with only one of
its oxygen atoms (O3) interacting with the silver. Therefore, the nitrates do not
participate in extending the 1D zigzag chains into a 2D layer or 3D framework.
Instead, the zigzag chains form a secondary structure by stacking upon each
other through argentophilic interactions (Figure 3.6 b). Such interactions are
generally accepted to occur whenever silver atoms with electronic configuration
[Kr]d'® are at a distance smaller than 3.44 A — twice the van der Waals radius
of Ag - in a crystal lattice.*? Due to the asymmetry of the ligand and to maximize
the argentophilic interactions, the zigzag chains are not perfectly parallel to
each other but slightly shifted to allow closer contact between the silver centers.
Further, neighboring zigzag chains are of opposite handedness and allow for a
shorter Ag-Ag distance of 2.9949(6) A. In addition to the argentophilic
interactions, there is also interchain Tr-stacking of the 2,4'-bipy rings (green
dashed lines, Figure 3.6 b). Because of the opposite handedness, this T-
stacking occurs between the N2 and N3 rings, which are separated by 3.685(3)
A. Finally, a second Tr-stacking interaction connects the stacked zigzag layers,

resulting in the overall 3D structure (orange dashed lines, Figure 3.6 c). This
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interaction occurs between two N3 rings, each ring belonging to a different set

of layered zigzag chains with a distance of 3.749(4) A.

(a)

(b)
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Figure 3.6 Crystal structure of SLUG-53 obtained by SCXRD at 100 K: (a)
Projection along the b-axis, showing one polymeric zigzag chain formed by
alternating Ag and 2,4'-bipy units. Nitrate anions reside in the pockets of the
chain; (b) View parallel to the crystallographic (102) plane, showing the
stacking of zigzag chains through both argentophilic interactions (solid gray
lines) and 1r-stacking (dashed green lines); (c¢) In the projection along the c-
axis, the layers described in (b) interact with each other through additional -
stacking, here showed by dashed purple lines. Hydrogen atoms omitted for
clarity; color scheme: Ag — gray; N — blue; O —red; C — black.

b

A polymorphic CP of SLUG-53 crystallizes in the Pbca space group and
has been reported in the literature. In that compound, the silver atoms still bind
to two nitrogens from the ligands and one oxygen from NOgs’, resulting in a
distorted T-shape geometry. The zigzag chains of alternating Ag and 2,4'-bipy

are again observed; however, the fashion in which they are arranged differs as
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they are no longer shifted towards each other to maximize argentophilic
interactions. As a result, the Ag-Ag distance is increased to 3.9868(5) A,
outside the covalent range. Further crystallographic comparison is given in

Table 3.2.

Table 3.2 Comparison of crystallographic parameters for the novel SLUG-53
and its previously reported polymorph3®

SLUG-53 Polymorph
Crystal System Monoclinic Orthorhombic
Space Group P21/c Pbca
9.2352(7); 11.2884(7);
Unit cell parameters (A) 9.8442(7); 11.3981(10);
11.6191(8) 16.5299(13)
90°; 90°;
99.343(7)°; 90°;
90° 90°
Volume (A3) 1042.32(13) 2126.8(3)
Ag1-Ag1 distance (A) 2.9949(6) 3.9868(5)
N2-Ag1-N3 angle 163.7(13)° 169.03(8)°
Ligand torsion (N3-C6-C5-C4) 133.0(4)° 146.9(2)°

3.3.2 Thermal distortion of the SLUG-53 unit cell

In order to determine if the single crystal collected for SCXRD was
representative of the bulk sample, we compared the theoretical powder pattern
calculated from the single crystal data to that obtained experimentally by PXRD
of the SLUG-53 needle crystals. Observing Bragg’s Law, slight 26 angle shifts
are expected when comparing calculated versus theoretical patterns since

PXRD and SCXRD data were collected at different temperatures (287 K and
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100 K, respectively). Usually, there is a shrinking of the unit cell at lower
temperatures and, consequently, the diffraction planes are close together.
However, a significant mismatch of diffraction peaks was noticed when we
compared the theoretical and experimental patterns for SLUG-53 (Figure 3.7).
Because of that, a new SCXRD analysis on a different crystal was performed

at room temperature.

Relative Intensity (a.u.)
G
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Figure 3.7 Powder X-ray diffractograms for SLUG-53. (a) experimental
obtained at 287 K; (b) Calculated from SCXRD data collected at 287 K (c)
Calculated from SCXRD data collected at 100 K. All calculated diffractograms
were obtained using CSD Mercury.*3

The room temperature SCXRD analysis revealed an anisotropic thermal
distortion of the unit cell. Rather than uniformly shrinking at lower temperatures,

an overall deformation occurred with the crystallographic a-axis decreasing by
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7%, the crystallographic b-axis decreasing by 0.6%, and the crystallographic c-
axis increasing by 5 %. Although unusual, particularly the increase of the unit
cell along the c-axis, these distortions correlate well with the chemical structure
of SLUG-53. The polymeric chain possesses stronger Ag-N covalent bonds in
the b direction, while in the a and c directions are weaker van der Waals
interactions. As a result, the latter two axes would be more susceptible to
temperature-related distortions. Selected structural parameters are displayed

in Table 3.3.

Table 3.3 Comparison of structural parameters between RT and 100 K

SCXRD
SLUG-53 100K SLUG-53 RT
Crystal System Monoclinic Monoclinic
Space Group P24/c P24/c
9.2352(7) 9.9566(3)
9.8442(7) 9.9051(2)
Unit cell parameters (A) 11'6;0%1 (8) 11'0960(26(3)
99.343(7)°; 100.387(2)°
90° 90°
Volume (A?) 1042.32(13) 1073.52(5)
Ag1-Ag1 distance (A) 2.9949(6) 3.0792(7)
N2-Ag1-N3 angle 163.73(13)° 164.63(11)°
Ring distance N3-N3
rings (A) 3.749(4) 3.761(3)
Ring distance N2-N3
rings (A) 3.685(3) 3.775(2)
N3-C6-C5-C1 angle 46.5(5)° 45.6(5)°
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3.3.3 Anion Exchange with ReO4

The novel CP SLUG-53 successfully exchanges its nitrate for the
hazardous perrhenate ion. The powder pattern of the exchange product is very
similar to that of SLUG-53, but there is an important shift of the earlier peaks to
higher angles (Figure 3.8). The similarity between the patterns suggests the
covalent framework is preserved, while the shifts indicate that the new
framework is likely wrapping around the incoming perrhenate ions. To
strengthen this theory, we were able to recrystallize the exchange product and
solve the compound as [Ag(2,4’-bipy)]ReO4. The initial exchange product and
the recrystallized material presented the same PXRD pattern, confirming that

no phase change was observed after hydrothermal treatment.
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Figure 3.8 PXRD comparison between (a) the starting material SLUG-53,
and (b) the exchange product SLUG-54.

3.3.4 Structural description of SLUG-54

The structure of SLUG-54 is presented in Figure 3.9. It also consists of
polymeric zigzag chains built by the alternation of silver and 2,4'- bipyridine
units in a similar fashion to SLUG-53, as expected by the powder pattern. The
Ag-N1 distance is 2.202(5) A and Ag-N2 is 2.183(5) A (N1 and N2 being the 2
and 4’ nitrogens of 2,4'-bipy, respectively). Once again, the chains are not
perfectly planar, with an N1-Ag-N2 angle of 165.9(2)°. The main difference
between the two CPs is the role of the counter-anion in building the overall
structure. In SLUG-53, the nitrate ions resided in the zigzag pockets and

interacted with only one silver atom. In SLUG-54, the perrhenate ions are the
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primary units responsible for connecting adjacent chains. Due to its much larger
size, perrhenate ions do not fit in the zigzag pockets the same way the nitrate
ions did. The rhenium atom resides in the same plane as the zigzag chains,
while the oxygen atoms reside in the interchain spacing. An eight-membered
ring is thereby formed by two ReOs units bridging two silver atoms from
adjacent zigzag chains, with bond lengths Re-O1 = 1.733(4) A, Re-04 =
1.730(5) A, Ag-O4 = 2.617(5) A and Ag-O1 = 2.588(5) A. The other two
oxygens of the perrhenate ion, O2 and O3, do not covalently interact. No
argentophilic interactions are present, with the closest Ag atoms standing at

4.2693(8) A apart.
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Figure 3.9 Crystal structure of SLUG-54 obtained by SCXRD at 100 K.
Zigzag chains similar to SLUG-53 are again observed. However, the counter-
anion now has a fundamental role in extending the structure through the
formation of eight-membered rings containing silver atoms (emphasized as a
blue rectangle). Color scheme: Ag — gray; N - blue; O - red; Re- light blue. All
hydrogens are omitted for clarity.

3.3.5 ReOs Exchange Quantification

To better understand the dynamics of the conversion of SLUG-53 to
SLUG-54, we investigated the exchange reactions over different periods of

time. The UV-Vis analysis of the filtrates of these reactions revealed the
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increase of the nitrate peak intensity, indicating the release of this species upon

the adsorption of perrhenate (Figure 3.10).
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Figure 3.10 UV-Vis analysis of the conversion reaction between SLUG-53
and SLUG-54 over time shows an increase in the nitrate peak (A = 204 nm)

as the reaction proceeds, indicating nitrate ions are being released in the
anion exchange reaction.

280

ICP-OES was used to quantify the perrhenate uptake. The percentage

removals and adsorption capacities for the reactions at different times are given

in Table 3.4.
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Table 3.4 Perrhenate uptake quantification results for SLUG-53

Time (min) (% ReO4 removed| mg ReO4/g SLUG-53

5 442 +2.6 341 + 21

30 521+ 1.7 404 + 12

60 582+ 1.7 448 + 10

120 66.2 +2.7 510 £ 17

180 73.3+34 564 + 23
240 76.9+4.7 592 + 37
480 794 +95 611+ 70
960 87.5+6.3 673 + 45
1440 90.6 + 5.1 692 + 36

Figure 3.11 and Table 3.5 show that the data fits well as a pseudo-

second-order reaction.
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Figure 3.11 Percentage of perrhenate removed by SLUG-53 as a function of
time (inset: data fitting to pseudo-second-order model).
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Table 3.5 Kinetic parameters were obtained by fitting the adsorption data to a

pseudo-second-order model.

R2

k2 (g mg? min)

qe (mg g™)

0.998

4.58x10°

702

To determine the maximum adsorption capacity, sorption isotherms

were obtained by adding 10 mg of SLUG-53 to 10 mL of perrhenate with

concentrations varying from 100 to 1000 ppm. The reactions were kept under

stirring for 24h to guarantee equilibrium was reached. The data fit well with the

Langmuir model (Figure 3.12, Table 3.6), and the maximum adsorption

capacity was calculated to be 764 mg/g. This value is very close to the

theoretical maximum adsorption (767 mg/g) calculated by assuming 1 mol of

SLUG-53 could uptake 1 mol of perrhenate.
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Figure 3.12 Adsorption capacity of SLUG-53 as a function of equilibrium
concentration (inset: data fitting to Langmuir model).

Table 3.6 Adsorption parameters obtained by fitting the adsorption data to the
Langmuir model

R2 K. (L mg") qm(mg g™
0.987 5.02x102 764

Although the percentage removal of perrhenate is still lower than some
commercial resins,* SLUG-53 adsorption capacity is incredibly high and

superior to most of the CP/MOF materials reported to date (Table 3.7).
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Table 3.7 ReO4/TcO4 adsorption capacity of selected CPs/MOFs, polymeric
and molecular materials (CPN = cationic polymeric network; iPOP = ionic
porous organic polymers; MOC = metal-organic cage) in descending order

Adsorption Reference
. Capacity
Material (mg ReO« Class
/g materials)
SCU-CPN -2 1,467 CPN 45
SCU-CPN-1 999 CPN 30
MOR-2 876 CP/MOF 46
SPN 818 CP/MOF 13
NisThe MOF(1)* 807 CP/MOF a7
SBN 786 CP/MOF 33
SLUG-53 764 CP/MOF This work
Purolite A530E 707 Resin a4
CAU-1 692 CP/MOF 48
iIMOF-2C 691 CP/MOF 49
SLUG-21 602 CP/MOF 50
Th-MOF-68 560 CP/MOF 51
SCU-100 541 CP/MOF 52
ZJU-X11 518 CP/MOF 53
iPOP-3 516 iPOP 54
ZJU-X6 507 Cp/MOF 55
CL-aMOC-1 453 MOC 56
Purolite A532E 446 Resin a4
SCU-CPN-4 437 CPN 57
MILP-3 435 CP/MOF 58
TJINU-216 417 CP/MOF 59
Mn-MOF 403 CP/MOF 60
BUC-17 402 CP/MOF 61
ZJU-X4 395 CP/MOF 62
iPOP-4 350 iPOP 54
TNU-132 319 CP/MOF 63
SCU-103 318 CP/MOF 31
SCU-102 291 CP/MOF 64
Ag-TPPE 251 CP/MOF 65
CusCu1g MOF(1)** 218 CP/MOF 66
TJINU-302 211 CP/MOF 67
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SCP-IHEP-1 211 CP/MOF 68

NU-1000 210 CP/MOF 69
IHEP-11 206 CP/MOF 70
UiO-66-NH3* 159 CP/MOF 7
ZJU-X12 150 CP/MOF 53
MIL-101-Cr-NO3- 139 CP/MOF 2
CTAB

Zr-tcbp-Me 128 CP/MOF 73
Zr-tcpp-Me 121 CP/MOF 3

* {[NiaThe(p3-O)a(pa-OH)a(IN)12)(H20)12]-(OH)s- 5DMF -2 H20}s
** {[CU'Cu4"(XN)a(PTA)a(H20)4]0.5S04-5H,0-EtOH},

Sulfate ions may be present in great amounts in pertechnetate-
containing waste.?3 Because of SO4? charge density, they have been shown to
be more favorably adsorbed by other materials designed for the removal of the
TcO*. ™ SLUG-53, however, has shown good selectivity to adsorbing
perrhenate in the presence of a molar excess of sulfate up to 200-fold (Table

3.8, Figure 3.13).

Table 3.8 Selectivity of SLUG-53 for the adsorption of perrhenate in the
presence of sulfate

50x SO4 excess 200x SO4 excess

% ReOs mg ReOy4/ % ReOs mg ReOy4/

Time (min) | removed g SLUG-53 removed g SLUG-53
5 456 +52 349 + 39 472+8.2 403 + 41
30 52.9+5.2 405 + 40 52.8+11.3 451 +79
60 55.8+5.0 427 + 38 55.1+11.5 478 + 74
120 60.9 +4.1 466 + 31 57.9+11.9 501 £ 75
180 64.1+5.1 491 + 38 60.1+11.4 500 + 98
240 69.3 + 3.1 530 + 24 60.7 £ 12.0 521 + 95

145



100

® No sulfate
® 50x molar sulfate excess
® 200x molar sulfate excess

80

60

40f

Removal of perrhenate (%)

20

5 min 30 min 1h 2h 3h 4 h

Figure 3.13 Selectivity of SLUG-53 for the adsorption of perrhenate in the
presence of sulfate (green — no sulfate; red — 50x molar excess sulfate; blue —
200x molar excess sulfate) at varying exchange time.

3.3.6 Thermostability analysis

The thermogravimetric analyses show that SLUG-54 is more stable than
SLUG-53 (Figure 3.14), which would facilitate perrhenate abatement. For
SLUG-53, one main event is observed at 215 °C and corresponds to the loss
of 2,4'-bipyridine (mass loss observed: 49.13%; calculated: 47.90%). For
SLUG-54, the same event is observed but at 295 °C (mass loss observed:
30.26%; calculated: 30.37%). As expected, no water loss peak was observed
in the thermal profiles since there is no crystallographic water in the structures.
The higher stability of the perrhenate CP can be hypothesized to be due to the

eight-membered inorganic ring (Figure 3.9), which would more efficiently hold
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the framework together when compared to the soft argentophilic interactions of
SLUG-53. The TGA results correlate well with VT-PXRD analyses. For SLUG-
53 (Figure 3.15), the usual powder pattern for the material is observed up to
200 °C. At 275 °C, there is a mixture of SLUG-53 and silver metal phases.
Finally, only silver metal peaks are observed at 300 °C and above. For SLUG-
54, the pure CP phase is observed until 300 °C (Figure 3.16). Starting at 400

°C, a mixture of silver metal and silver perrhenate phases is observed.
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Figure 3.14 TGA analyses: solid blue - SLUG-53; dashed blue - 1st derivative
of SLUG-53 trace; solid orange — SLUG-54; dashed orange — 1st derivative of
SLUG-54 trace.

147



#
N #  500°C
#
# s00°c
B #
8 " .
~ /\ 300 °C
g #
2 " 2713°C
(0]
>
% AU A U N ,/\,,AJA‘\, — e N ~ A . 200 cﬂ
o
100 °C
RT
10 20 30 40 50
20 (deg.)

Figure 3.15 Ex situ VT-PXRD of SLUG-53. #: silver metal, COD ID: 901296.7°
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Figure 3.16 Ex situ VT-PXRD of SLUG-54. #: silver metal, COD ID:
9012961."5 *: silver perrhenate, COD ID: 2008824.76
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3.4 Conclusions and Future Directions

We presented two new [Ag(2,4'-bipyridine)]* CPs, both before and after
the exchange of the counter-anion nitrate for perrhenate. The structural
features of both materials allowed for the high-capacity sequestration of the
incoming ReO4 . SLUG-53 is thus a promising material to be applied in the
remediation of the perrhenate analog pertechnetate. Our materials were all
obtained and crystallized in aqueous media, avoiding the use of organic
solvents. The flexibility of the ligand 2,4'-bipyridine can be combined with the
use of metals with open coordination sites, such as silver, to obtain a
breathable cationic CP capable of folding around the guest perrhenate ion. The
present study expands the current understanding of soft porous crystals and

can aid the development of future cationic CP materials for anion trapping.
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Chapter 4 - A Crystal Structure of a Rippled Antiparallel

Pauling-Corey Cross- Dimer

Abstract

This work has been published on the Chemical Sciences journal in
collaboration with co-first-author Dr. Ariel Kuhn and co-authors Dr. Tim
Johnstone, Dr. Scott Oliver, and Dr. Jevgenij Raskatov.'

Following the seminal theoretical work on the pleated 3-sheet published
by Pauling and Corey in 1951, the rippled B-sheet was hypothesized by the
same authors in 1953. In the pleated [3-sheet the interacting B-strands have the
same chirality, whereas in the rippled (B-sheet the interacting B-strands are
mirror images. Unlike the pleated [3-sheet that is now common textbook
knowledge, the rippled B-sheet has been much slower to evolve. Much of the
experimental work on rippled sheets came from groups that study aggregating
racemic peptide systems over the course of the past decade. This includes
MAX1/ DMAX hydrogels (Schneider), L/D-KFE8 aggregating systems
(Nilsson), and racemic Amyloid b mixtures (Raskatov). Whether a racemic
peptide mixture is “ripple-genic” (i.e., whether it forms a rippled sheet) or “pleat-
genic” (i.e., whether it forms a pleated sheet) is likely governed by a complex
interplay of thermodynamic and kinetic effects. Structural insights into rippled
sheets remain limited to only a very few studies that combined sparse

experimental structural constraints with molecular modeling. Crystal structures
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of rippled sheets are needed so we can rationally design rippled sheet
architectures. Here we report a high-resolution crystal structure, in which
(L,L,L)-triphenylalanine and (D,D,D)-triphenylalanine form dimeric antiparallel
rippled sheets, which pack into herringbone layer structures. The arrangements
of the tripeptides and their mirror-images in the individual dimers were in
excellent agreement with the theoretical predictions by Pauling and Corey. A
subsequent mining of the PDB identified three orphaned rippled sheets among

racemic protein crystal structures.

4.1 Introduction

Peptides with mixed chirality may be used to access frameworks with
unique properties, including protease-resistant peptide drugs,?2 hydrogels with
enhanced rigidity,*® aggregation blockers,®” amyloid oligomer-to-fibril
converters,®® and mechanistic tools.'®!" Mirror-image proteins may also be
used to enhance crystallization of proteins that are hard to crystallize,
sometimes by creating unique interactions between the protein enantiomers.'?
5 A systematic incorporation of D-amino acids into proteins and peptides is
expected to give access to a huge structure-function space that cannot be
accessed in any other way.

In 1951, Pauling and Corey introduced the pleated (B-sheet as a two-
dimensional periodic layer configuration built from extended homochiral

peptide strands.'® The pleated B-sheet rapidly established itself as a key
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protein structural motif that is commonly known in textbooks as the (B-sheet.
Thousands of protein structures have been published that contain B-sheets.
This includes structures that may be as huge as a periodic, fibrillary B-sheet
network on the one side and as small as a B-sheet dimer in the context of a
globular protein on the other side. In 1953, Pauling and Corey introduced the
rippled B-sheet as a configuration closely related to the pleated B-sheet, but
with every alternate peptide chain mirrored, thus giving rise to unique
structures.’ Some of the key structural differences between pleated and
rippled B-sheets, including differences in hydrogen bonding and relative side-
chain disposition in the B-sheet frameworks, have been discussed very
recently.’® As illustrated in Figure 4.1, in an antiparallel pleated sheet, amino
acid side chains are aligned in a vertical line orthogonal to the peptide
backbones (Figure 4.1, left panel). In contrast, in an antiparallel rippled sheet,
to reduce steric repulsion between the alternating enantiomeric peptides, the
side chains are oriented diagonally across the peptidic network (Figure 4.1,

right panel).
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Pleated antiparallel Rippled antiparallel

Figure 4.1 Left panel: Antiparallel pleated sheet in different projections. Right
panel: Antiparallel rippled sheet in different projections. A selected number of
amino acid side chains are depicted as blue spheres on the left panel
(pleated, along red vertical line) and on the right (rippled, along red diagonal),
to reduce steric repulsion in each case.

Unlike with the pleated 3-sheet (now known as the 3-sheet), the growth
of our body of knowledge on the rippled (3-sheet has been extremely sluggish.
The first experimental observation of an (antiparallel) rippled sheet was made
in the 1970s by Lotz, Moore and Krimm, on polyglycine 1.'°-2" The authors used
space group considerations to conclude that polyglycine | crystals contained
rippled rather than pleated antiparallel sheets (monoclinic rather than
orthorhombic unit cell geometry). Some three decades later, Lahav and co-

workers used clever labeling strategies in conjunction with mass-spectrometry,
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to produce evidence for rippled sheet formation, based on templated peptide
replication.?223 Conversely, Chung and Nowick noted in their solution-phase
NMR studies a thermodynamic preference for a dimeric pleated (B-sheet, with
the alternative rippled sheet observed as a minor diastereomer.?* A more
recent study by Liu and Gellman is broadly consistent with Chung and
Nowick.?> Our understanding of the interplay of thermodynamics and kinetics
that underlie the formation of pleated vs rippled sheets remains extremely
limited. Experiments performed in the laboratories of Schneider,*® Nilsson,?62"
Raskatov,®® and Torbeev,?® showed that mirror-image peptide strands may
assemble into rippled sheets, but there is also evidence that some sequences
may favor homochiral association.?® The structural insights available for the
MAX1/DMAX systems,* a short Amyloid-B (AB) segment, and, most recently,
racemic full-length AB40%° were obtained from theoretical calculations
constrained by a fairly limited number of experimental data. These studies
provide valuable insights into rippled sheets, but not experimental high-
resolution structures.

It is interesting to note that not all racemic peptide mixtures form rippled
sheets,?42531 as self-sorting into pleated sheets may also occur.3!' We are just
beginning to learn why some racemic peptide mixtures form rippled sheets (i.e.,
are “ripple-genic”), whereas others prefer to form pleated sheets instead (i.e.,
are “pleat-genic”). To systematically map out the structure-function space and

to close this major knowledge gap, the field urgently needs high-resolution
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structures of rippled sheets. Here we report the X-ray crystal structure of
(L,L,L)-triphenylalanine that is hydrogen-bonded to (D,D,D-)-triphenylalanine in
a dimeric antiparallel rippled sheet. We then draw comparisons with hitherto
orphaned rippled sheet crystal structures that we discovered by searching the

PDB for racemic proteins.

4.2 Experimental
4.2.1 Peptide Synthesis

The (L,L,L)-triphenylalanine (i.e., FFF) and (D,D,D)-triphenylalanine
(i.e., fff) peptides were synthesized by standard Fmoc-based, solid-phase
peptide chemistry, following previously reported protocols.3?33 Both peptides
were synthesized using preloaded, Fmoc-phenylalanine 4-alkoxybenzyl
alcohol Wang resin: Fmoc-L-Phe-Wang (Sigma) or Fmoc-D-Phe-Wang
(Fisher). All syntheses were performed manually at 0.2 mM scale relative to
resin loading. An orbital shaker was used for mixing in both the deprotection
and coupling steps. The resin was swelled in 3 mL of dimethylformamide (DMF)
in a filter tube, housing 250 mg Fmoc-Phe Wang resin (0.796 mmol/g loading)
for 20 min. For Fmoc-deprotection, 30% piperidine (Spectrum) in DMF was
added to the resin, and allowed to shake on an orbital shaker for 20 min. The
deprotection solution was rinsed with DMF (3x) and dichloromethane (DCM,
2x) and the deprotection step was repeated. Coupling reagents used were 4

eq. N,N-diisopropylethylamine (Fisher), 3 eq. N,N,N,N'-tetramethyl-O-(1H-
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benzotriazol-1-yl)uronium  hexafluorophosphate (Fisher) and 3 eq.
hydroxybenzotriazole hydrate (Oakwood Products). For amino acid coupling, 3
eq. of either Fmoc-L-Phe-OH (Fisher) or Fmoc-D-Phe-OH (ChemPep) with
coupling reagents listed above were dissolved in 3 mL DMF and added to the
reaction vessel, and allowed to shake for 30 min. The coupling step was
repeated for each amino acid addition to improve yield. The aforementioned
steps were repeated to produce the resin-bound tripeptides, NH>-L-FFF-COOH
and NH.-D-fff-COOH. The peptides were cleaved and deprotected with a
mixture consisting of trifluoroacetic acid (10 mL, Fisher), tri-isopropylsilane (1
mL, Fisher), and liquefied phenol (0.5 mL, Sigma). The peptide identities were
confirmed with mass spectrometry (Fig. S1-S2). Peptides were purified by
reverse-phase high-performance liquid chromatography (HPLC) with PLRP-S
columns (Agilent), as previously described,??3 yielding peptides with purities
exceeding 95% (Figure S1-S2). HPLC was conducted under basic conditions
(0.1% NH4+OH), to reduce aggregation and/or precipitation. Samples were

lyophilized and stored as solid powders at —40 °C.

4.2.2 Crystallization

Solutions of L-FFF and D-fff peptides were prepared separately by
dissolving 7 mg of each individual peptide in 4 mL of nanopure water. The
resulting solutions were sonicated and transferred to an oil bath at 90 °C and

kept under stirring for one hour. To enhance dissolution of the cloudy slurries,
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80 uL of hexafluoroisopropanol (HFIP; Fisher) was added to the solutions (2%
of total volume), but significant cloudiness was still observed. After an
additional 1 h of heating in the oil bath, the two individual peptide solutions were
combined by adding D-fff to the L-FFF solution, dropwise. The resulting cloudy
solution was rapidly transferred to a Teflon lined stainless steel autoclave,
which was sealed and placed on an oven at 75 °C for 10 d followed by a slow
colling process at a rate of 0.1°C/min, leading to the formation of colorless,

needle-like crystals.

4.2.3 Single-Crystal X-ray Diffraction

A suitable colorless needle with dimensions of 0.1 x 0.09 x 0.03 mm3
was used for single-crystal X-ray diffraction data collection at 100 K on a Rigaku
XtaLAB Synergy-S diffractometer using Cu K, radiation (. = 1.54 A). Data
collection, processing and reduction were performed with CrysAlisP™.34 After
face indexing, numerical absorption correction was applied using gaussian
integration. Empirical absorption correction using spherical harmonics was
applied using SCALE3 ABSPACK scaling algorithm. The structure was solved
by intrinsic phasing using ShelXT and refined with ShelXL via Olex2.35-37 All
non-hydrogen atoms were refined anisotropically using standard procedures.38
Atomic displacement parameters for hydrogen atoms in the terminal amine
group were fixed to 1.5(Uiso) of the attached nitrogen atom. For all other

hydrogen atoms, the values were fixed to 1.2(Uiso) of the atoms to which they
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are attached. The N-H distances in the amine and amide groups were
restrained to 0.91(2) A and 0.88(2) A, respectively. All other hydrogen atoms
were placed at geometrically calculated positions and refined using a riding

model.

4.2.4 Computational Chemistry

The input geometry for the optimization of FFF:fff was generated using
the crystallographic data. The optimization was performed using ORCA 4.2.1,
using Becke's 1988 exchange functional and Perdew’s 1986 correlation
functional (i.e., BP86)3%4% and the resolution of the identity approximation.
Ahlrichs’ def2-SVP basis set and the def2/J auxiliary basis set were used.*'4?
An atom-pairwise dispersion correction with the Becke-Johnson damping
scheme was applied (D3BJ).**** Implicit aqueous solvation was achieved

using a conductor-like polarizable continuum model (CPCM=water).4°

4.2.5 CSD Search

A systematic search of the CSD (version 5.41) was performed using
ConQuest (version 2.0.4). Two queries were submitted simultaneously. The
first searched for a C(C)C(O)NHC(C)C(O)NHC(C)C(O)NH fragment with all
bond types set to “any”, with both ¢ torsion angles from -180—-0°, and with both
g torsion angles within the range 0-180°. The second query required the

presence of a distinct C(C)C(O)NHC(C)C(O)NHC(C)C(O)NH fragment with all
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bond types set to “any”, with both ¢ torsion angles from 0-180°, and with both
g torsion angles within the range -180-0°. The hits from this search were

inspected manually and none featured a rippled sheet motif.

4.2.6 PDB Structural Database Mining

The PDB database was searched for the term “Racemic”, and the results
were narrowed by selecting “protein” as the polymer entity type, producing a
total of 387 hits. The majority of those hits were, however, not truly racemic
protein structures, but rather, enantiomerically pure proteins complexed with
racemic molecules or simply included racemic compounds used during
synthesis. These were excluded from our search. From the remaining hits, we
manually selected those, in which the mirror-image proteins had [(-strands
oriented in ways that made them potentially capable of forming rippled sheets.
This eventually produced three structures that can be accessed through the

PDB via reference codes 4WPY*8, 4|UZ47, and 30DV.48

4.2.7 Considerations Regarding Nomenclature

In the original theory papers Pauling and Corey introduced the concepts
of the pleated sheet that since became textbook knowledge as the 3-sheet, and
the closely related, but understudied rippled sheet'’. Those seminal papers
discussed periodic layer structures, and the original definition of sheets

originated from there. However, this nomenclature since evolved: it is now
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common to refer to adequately paired peptide strands of the same handedness
as pleated B-sheets. In this paper we follow analogy and refer to adequately
paired peptide strands of opposite chirality as rippled B-sheets. The periodic 3-
sheets are discussed in the context of fibril structures, which is specified where

necessary.

4.3 Results and Discussion

4.3.1 Choice of system

The significance of the oligomeric phenylalanine motif for amyloid
formation is well-established. For example, it is known that the hydrophobic
LVFFA segment that spans the amino acid residues 17-21 of the Amyloid 3
(i.e., AB17-21) peptide is crucial for AB fibrillization.*® Furthermore, Kiessling
and coworkers have taken advantage of this by using the KLVFF segment for
molecular recognition studies with AB.4%*° Reductionist studies of AR by Gazit
and co-workers demonstrated that the short diphenylalanine peptide is itself
capable of forming amyloid nanostructures.>’ Unlike the dipeptide, FF, which
has been shown to form water-filled nanovesicles and hollow tubes, the
tripeptide, FFF, spontaneously assembles into a diverse set of supramolecular
assemblies depending on conditions, such as solid nanospheres, nanorods,
helical-ribbons, plates, dendrimers, and doughnuts,3?-%* similar to what has
been reported for AB,%® making it an interesting candidate from the standpoint

of rippled sheet design. Additionally, Gazit and coworkers found that FFF
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demonstrated improved stability and peptide-network propensity over FF.5*
The authors also reported Thioflavin T (ThT) positivity for the FFF assemblies,
indicative of ordered B-sheet content.*

More recently, Nilsson and co-workers demonstrated that the AB16-22
segment, KLVFFAE, rapidly formed precipitates when mixed with its mirror-
image counterpart klvffae, which the authors ascribed to rippled sheet
formation based on isotope-edited FT-ICR mass spectrometric and solid state
NMR spectroscopic experiments.2®

Peptides containing bulky, hydrophobic amino acids Phe (F), Val (V), lle
() and Leu (L) are believed to be particularly prone to forming rippled sheets.'8
Phenylalanine stands out because of its relative rigidity, which should favor
crystallization.®® We chose a racemic mixture of (L,L,L)-triphenylalanine and
(D,D,D)-triphenylalanine (i.e., FFF:fff), as our model. The N- and C-termini of
FFF and fff were kept as free amines and free carboxylates, respectively, to
afford peptides that (a) are water-soluble and (b) favor a defined antiparallel
arrangement due to Coulombic attraction. Peptides were made on solid support
and purified using a procedure similar to one we previously developed for AR

purification.3?

4.3.2 The FFF:fff dimer structure
Combination of concentrated solutions of FFF and fff led to rapid for-

mation of a fine precipitate. Optimization of conditions led to a protocol, in which
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controlled cooling of a solution saturated with a racemic mixture of FFF and fff
from 75 to 25 °C at a rate of 0.1 °C min~" afforded single-crystal needles with
length exceeding 3 mm. A short needle, suitable for single crystal X-ray
diffraction was selected and the metric symmetry and Laue symmetry of the
diffraction pattern obtained with Cu Ky radiation revealed that the crystal
belonged to the monoclinic crystal system. Strict observance of Friedel’'s Law
and the <E? — 1> value of 1.008 indicate that the crystal is centrosymmetric,
suggesting that the molecules had crystallized as the racemic compound.
Centrosymmetry was confirmed by analysis of the systematic absences, which
unambiguously confirmed the space group to be P2+/c. The structure was
solved using intrinsic phasing and refined against 0.84 A-resolution data (Table
4.1). The resolution and quality of the data permitted anisotropic refinement of
all non-H atoms and semi-free refinement of H-atom positions. The asymmetric

unit contains a single tripeptide in its zwitterionic form (Figure 4.2).
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Table 4.1 of FFF.fff dimers

Compound . FEEOTE .
triphenylalanine
Formula C27H29N304
FW 459.53
T (K) 100(2)
A (A) 1.54184
Crystal System Monoclinic
Space group P24/c
a (A) 11.3563(5)
b (A) 16.7472(6)
c (A) 12.6545(6)
B (°) 101.483(4)
Volume (A3) 2358.54(18)
V4 4
Pcalc (Mg/m3) 1.294
Size (mm?3) 0.10 x 0.09 x 0.03
0 range (°) 4.44 — 67.06
Total data 23314
Unique data 4187
Parameters 323
Completeness 99.7%
Rint 5.00%
R1(l > 20) 4.43%
R1 (all data) 5.54%
wR> (I > 20) 11.22%
wR:> (all data) 11.81%
S 1.036
Min, max (e A-%) —0.279, 0.295
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O
Figure 4.2 Molecular graph of FFF with 50% thermal ellipsoids and H atoms
shown as spheres of arbitrary radius. Color code: O red, N blue, C grey, H
white.

Both amides assume the expected trans configuration. The g angles of
114.6(2)° and 132.3(1)° and the ¢ angles of —124.7(4)° and —155.1(1)° for FFF
fall within the range typically observed for 3-pleated sheets. The side chains of
the three residues assume, from N to C terminus, the gauche* (x1 = —63.2(2)°),
trans (x1 =-175.1(1)°), and gauche™ (x1 = 70.7(2)°) configurations.

The dimer resides on a crystallographic inversion center, across which
FFF and fff form two symmetry-related pairs of hydrogen bonds (Figure 4.3).
The terminal ammonium and carboxylate groups form a salt bridge witha N---O
distance of 2.7660(18) A and a N-H---O angle of 152.8(19)°. The hydrogen
bond formed between the neutral amide units features an expectedly longer
N---O distance of 2.9097(18) A and a N-H---O angle of 157.4(17)°. The
hydrogen bonds comprise the only significant intermolecular contacts between

the components of the dimer; the torsion angles assumed by each of the
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phenylalanine units allow them to effectively interleave given the inversion
symmetry relating the two molecules. This arrangement of hydrogen bonds is
in excellent agreement with the model put forward by Pauling and Corey
(Figure 4.3 and Figure 4.4). In that original work, they model the antiparallel
rippled sheet using a translation of 7.00 A, which agrees well with the Cq 1+

Cq3 distance of 6.888(2) A in the present crystal structure.

Figure 4.3 Ball-and-stick depiction of the experimental rippled antiparallel

FFF:fff cross-B dimer, shown in three orthogonal projections. The Pauling-

Corey rippled antiparallel backbone dimer is shown in the inset, with apical

carbon atoms added geometrically to facilitate comparison; (color code: C,
gray; O, red; N, blue).
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Figure 4.4 Top: Side and top views of the rippled antiparallel sheet structure
predicted by Pauling and Corey [cf. Figure 1 from PNAS 1953, 39, 253].
Bottom: Side and top views of the rippled sheet structure formed by FFF:fff.
Atoms of the polypeptide backbone are shown as ellipsoids (non-H) or
spheres of arbitrary radius (H). Side-chain atoms are shown as sticks. Color
code: O red, N blue, C grey, H white. Hydrogen bonds are shown as dashed
lines. Boxed in green is the similar motif from the predicted (top) and
experimentally observed (bottom) structure.

4.3.3 Crystal lattice analysis
The crystal is held together by a combination of interdimer hydrogen

bonds, ionic interactions, and van der Waals interactions (Figure 4.5).
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Figure 4.5 The rippled antiparallel FFF:fff cross- dimer shown in contact with
its direct neighbors.

In addition to interacting with the terminal carboxylate of the inversion-
generated dimer mate, the terminal ammonium also forms hydrogen bonds to
a glide-generated carbonyl of an enantiomeric tripeptide molecule (N:--O =
2.7244(17) A) and to the screw-generated terminal carboxylate of a molecule
of identical handedness (N---O = 2.6645(18) A). The internal amide N-H unit
that is not involved in the antiparallel cross-f FFF:fff dimer also hydrogen bonds
to this same screw-generated terminal carboxylate (N---O = 3.0168(17) A). The
H-atom positions in the final model are consistent with this hydrogen bonding
pattern. These hydrogen bonds extend to form sheets parallel to the

crystallographic bc plane (Figure 4.6).
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Figure 4.6 Long-range packing of the FFF:fff lattice, shown in three
orthogonal projections. The layer-to-layer distance is indicated in blue.

These sheets feature a hydrophilic core bounded on both sides by
hydrophobic layers. The layers stack on one another with an interlayer spacing
corresponding to the crystallographic a lattice parameter of 11.3563(5) A

(Figure 4.7).
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Figure 4.7 Packing diagram of FFF:fff highlighting that the layer-to-layer
distance is the crystallographic lattice parameter a = 11.3563(5) A.

This nanoscale architecture, with clear alternation between hydrophobic
and hydrophilic layers, is reminiscent of a phase separation. The dimeric
rippled sheets do not assemble into extended “fibrillary” rippled sheets with
long-range order, packing into a classic herringbone pattern instead (Figure

4.8).
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Figure 4.8 A top on view of a single Iayer contamlng the peptldlc backbones.
Individual rippled antiparallel FFF:fff cross-3 dimers are centered about the
unit cell corners and center. L-peptides are shown in purple, and D-peptides
are shown in blue.

To confirm that an isolated FFF:fff rippled antiparallel cross-f3 dimer is in
itself a stable arrangement, the dimer was subjected to full geometry
optimization using Density Functional Theory (DFT) methods. The optimization
produced only marginal local structural changes (Figure 4.9, Table A.3),
confirming that the structural features of the dimer are inherent to the B-rippled-
sheet hydrogen bonding pattern and not crystal packing forces. This result
stands in good agreement with the Raskatov group computational work on

related rippled interfaces. 918:57.58
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Figure 4.9 Overlay of the crystallographic (orange) and the optimized (green;
BP86-D3BJ/def2-SVP-CPCMwater) structure of the FFF:fff dimer. The
polypeptide backbone is shown as thick sticks and the sidechains as thin
sticks.

4.3.4 Discussion

Above we presented a range of structural features we were able to glean
from a crystal-structural analysis of the FFF:fff lattice. To the best of our
knowledge, this is the first time that a rippled sheet crystal structure is being
discussed in the literature. However, owing to the efforts of racemic protein
crystallography, many crystal structures that contain potentially interacting
mirror-image protein pairs are now available. It seemed plausible that the

enantiomers in some of those structures might interact via rippled sheets. We
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interrogated this possibility by searching the Cambridge Structural Database
(CSD) and the Protein Data Bank (PDB), as described in the Materials and
Methods section. The CSD search revealed no rippled sheet structures. The
PDB search identified three racemic protein crystal structures with a qualitative
appearance suggesting the presence of antiparallel rippled sheets. We
analyzed the three structures and validated that dimeric rippled sheets were

indeed present in all three cases (Figure 4.10).

Pt
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Figure 4.10 Detail of the antiparallel rippled motifs in the proteins selected by
the PDB structural database mining. (a) glu-lys-glu-leu-val sequence in
RV1738.46 (b) phe-phe-tyr sequence in ester insulin.*’ (c) lys-gly-phe-arg
sequence in Kaliotoxin.*® PDB codes PDB codes are displayed on the bottom
right.
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In the racemic crystal structure of the Rv1738 protein, the protein
enantiomers interact through an antiparallel rippled sheet formed by the Lys-
Glu-Leu triad and its enantiomer (Figure 4.10a).4¢ We also found that, in the
racemic ester insulin crystal structure, the enantiomers are bridged by a rippled
sheet formed between the Phe-Phe-Tyr triad and its enantiomer (Figure
4.10b).#” Finally, we observed a very short rippled sheet segment of only one
Phe residue and its enantiomer in the racemic crystal structure of kaliotoxin
(Figure 4.10c).#®¢ Whereas in those three structural studies, the authors did
recognize there were mirror-image interactions between their protein pairs,
none of them identified those interactions as rippled sheets, which may be why
those important structural insights appear to have escaped the attention of the
rippled sheet community thus far. To gain deeper insights into the backbone
conformations associated with the four rippled antiparallel sheet structures, we

analyzed their Ramachandran angles (Figure 4.11).
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Resolution: 0.84 A

Resolution: 1.50 A Resolution: 0.95 A

Figure 4.11 Ramachandran angle analysis for the rippled sheets noted with
(a) the FFF:fff system; (b) racemic Ester Insulin (41UZ)*"; (c) racemic RV1738
(4WPY)*¢; D) racemic Kaliotoxin (30DV).4®

We noted that three of the rippled sheets contain internal L-Phe:D-Phe
pairs, i.e., (F:::f). Their Ramachandran angles range from ¢ =-127.6° and y =
132.4 ° with FFF:fff (Figure 4.11a) to ¢ =-161.0° and @ = 162.3° with racemic
ester insulin (Figure 4.12b). This means that there is significant flexibility that is
available to the (F:::f) pair in the context of the antiparallel rippled sheet, which
may become a useful design element if the interest of the materials community
to the rippled sheet motif continues to grow.

Pleated (B-sheets are often observed in fibrils formed by aggregating

enantiopure peptides, where they tend to display a one-dimensional long-range
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order. Numerous structures are available through the work of the Eisenberg lab

on steric zippers and related systems. 59-%* Some examples are shown in

Figure 4.12.
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Figure 4.12 Selected examples from Eisenberg and coworkers, 5954 of fibrils
formed by aggregating enantiopure peptides in which pleated B-sheets
display one-dimensional, long-range order. Color code: C, gray; O, red; N,
blue. Water molecules and hydrogens are omitted for clarity. PDB codes are
displayed on the bottom right of each structure.
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In contrast to the long-range packing noted in the Eisenberg systems,
we observed dimeric antiparallel rippled sheets with FFF:fff (Figure 4.2), but
those dimers did not form extended rippled sheets (Figures 4.4 and 4.8). The
lack of extended sheets may also be rooted in the hydrophobicity of the FFF:fff
dimer that leads it to precipitate from water before it can mature into an
extended fibrillary rippled sheet. Systematic optimization of crystallization
parameters, including concentration, solvent identity, temperature, as well as
variations in sequence, may allow the synthesis of extended fibrillary rippled
sheet networks in the future. In that context it is interesting to compare our
FFF:fff dimer structure with (a) the racemic AB40 structure, published in a
recent collaborative study by the Raskatov and Tycko labs,*® and (b) the
hydrophobic AB16-22 segment in its interactions with its mirror-image, studied
by the Nilsson lab. All three systems contain rippled antiparallel dimers, which
is likely due, at least in part, to Coulombic attractions. However, there are
important differences. Racemic AB40 forms fibrils with three AB40 units per
layer and a fibril thickness of 7 + 1 nm.® The crystalline AB16-22 aggregates,
on the other hand, are micron-wide, which is consistent with the presence of
thousands of peptides per layer.?® Future X-ray structural studies of racemic
AB16-22 should determine whether it (a) forms extended rippled sheets, (b)
aggregates into rippled antiparallel cross-f dimers that then pack in ways

similar to FFF:fff, or (c) packs in a way that is completely different.
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Our findings have to be put in context with the recent paper by Liu and
Gellman, where peptides designed to form two-stranded 3-hairpins, composed
of half L and half D residues did not exhibit any heterochiral stand pairing
detectable by solution NMR.?% It is noteworthy that one of the systems studied
by the authors contained the VFF motif that is present in AB and is believed to
be important for racemic AR fibrillization (i.e., AR Chiral Inactivation, AB-ClI).
82630 The VFF motif is also very similar in terms of its size and hydrophobicity
to the FFF motif studied here. A possible reason for the apparent discrepancy
is that in Gellman’s work, the L- and D- sequences were linked together, which
may have induced a preference for homochiral strand pairing. Possibly more
significantly, FFF:fff crystallization (similarly to AB-CI and the racemic AB16-22
model system studied by Nilsson) appears to occur under kinetic control,
whereas the foldamers of the Gellman hairpin were monitored under
thermodynamic equilibrium conditions. Similarly (albeit in the non-polar solvent
CDCl3z), Chung and Nowick found that hydrophobic B-turn peptide mimics
preferentially form homochiral (pleated) dimers.?* Another important difference
between our work and the two solution NMR studies is that, in our study, the
rippled antiparallel FFF:fff dimers are packed into a three-dimensional crystal
lattice that may, in itself, be a ripple-genic factor. In contrast, the solution NMR
studies lacked evidence for the formation of higher order aggregates, and
instead highlighted interactions between dimerizing peptide strands as isolated

entities.
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It may be tempting to ascribe the difference between the solution NMR
experiments discussed above and our findings to the fact that solution NMR
work studied systems as pure dimers, whereas our work produced extended
layers, in which the individual dimers were stabilized through interactions with
the crystal lattice. However, we are aware of a crystal structure of the GSTSTA
peptide in a racemic mixture with its enantiomer, in which self-sorting into
pleated fibrillary structures was observed, showing that racemic aggregating
peptide mixtures are not ripple-genic per se either.3! In this specific case, it may
have been because GSTSTA lacks bulky, hydrophobic groups that appear to
promote rippled sheet formation.'® Yet it seems that the presence of bulky
residues is not obligate either, as the first rippled sheet structure was reported
for polyglycine |, which does not have sidechains.’®?° It should also be noted
that, in addition to sequence, aggregation conditions are important. As such, it
was noted with the MAX1:DMAX system developed by the Schneider lab, that
the rigidity of the hydrogels formed depended on whether peptides were
aggregated under kinetic or thermodynamic control, with thermodynamically
controlled assembly producing the most rigid hydrogel systems. 4518 These are

all conditions that should be explored in future research.
4.4 Conclusions and Future Directions
We presented crystal-structural insights into a rippled sheet-based

nanostructure that we obtained by temperature-controlled crystallization of
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FFF:fff. The structure consists of arrays of dimeric antiparallel rippled sheet,
whose internal structural parameters agree well with the predictions by Pauling
and Corey. The rippled dimers are arranged in a herringbone-pattern, into
networks that are held together by in-plane salt bridges and hydrogen bonds
and display lateral long-range segregation into hydrophobic and hydrophilic
domains. Comparison of FFF:fff with the three orphaned rippled sheets
identified by analyzing the racemic protein crystallography PDB supports the
notion of Phe as a ripple-genic residue. Systematic exploration of Phe-
containing racemic peptide mixtures may provide a rational framework on how

to devise functional rippled sheet materials in the future.
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Chapter 5 - Summary and Future Directions

5.1 Summary

This thesis presented three classes of extended materials obtained by
distinct solvothermal methods. In Chapter 1, MAPOs and ionic liquids were
introduced, followed by a literature review of the field. Chapter 2 discussed the
variables involved in the ionothermal syntheses of AIPO-5 and MnAPO-5.
Chapter 3 reported the hydrothermal synthesis of SLUG-53, a novel phase of
coordination polymer [Ag(2,4'-bipyridine)] that presents superior adsorption
capacity for perrhenate. Chapter 4 presented the first high-resolution single-
crystal structure study of a rippled p-dimer motif. The structure of [FFF fff], a
racemic triphenylalanine mixture crystallized via solvothermal methods, is in
agreement with the predictions made by Pauling and Corey in 1953. In this final

chapter, future directions for each project are discussed.

5.2 Metal-doped Aluminophosphates Project

We successfully synthesized the zeolitic materials AIPO-5 and MnAPO-
5 via the ionothermal route using DIPI or DIBU as ionic liquids. Further insights
into these compounds' crystallization mechanism can be obtained by
performing time-resolved PXRD, SS-NMR, and SEM studies. The temperature
and reaction time of the ionothermal synthesis can be explored to obtain single-

crystals for SCXRD analysis to determine if the DIPI and DIBU cations and/or
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anions are occluded in the extra-framework structure of the as-synthesized
MAPOs and, if so, which cavity they occupy. Such studies would highlight the
factors leading to the stabilization of the AFI topology and help to rationalize
the use of different strategies to increase phase selectivity, such as the use of
co-OSDAs.

We have determined that the amount of HF added to the reaction
medium significantly impacts framework formation. An exciting strategy would
be to explore the use of different sources of the mineralizing ion. For example,
fluoride precursors [MesN]JF and MnF3 have been successfully used to obtain
SOD, LTA or AFI topologies.! The use of different metal sources would also be
interesting as it has been shown to affect phase formation of MNAPOs.?

Furthermore, more of the material's properties that affect its catalytic
behavior can be elucidated. Calcination parameters for removing extra-
framework species residing in the pores can be investigated. The pore
availability for catalysis can be studied by determining the BET surface area.
The Brgnsted acidity can be elucidated by using NH3-TPD.

Finally, MnAPO-5 can be directly tested as a catalyst in MTO reactions
using a system similar to the one shown in Figure 5.1. The process conditions
such as temperature, pressure, and gas flow can be explored for optimal
catalytic turnover. The weight distribution of the obtained olefins can be used
to better understand the synthesized AFI framework's shape selectivity and

confinement behavior.
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Figure 5.1 Scheme of a methanol conversion reactor to be used for testing
MnAPO-5 as a catalyst in MTO reactions.?

5.3 Coordination Polymers Project

The synthesis and structural elucidation of a novel phase of the
coordination polymer [Ag(2,4'-bipyridine)] (SLUG-53) has been determined.
SLUG-53 is a soft porous crystalline material, with anisotropic deformations
occurring due to temperature changes. In future studies, its dynamic framework
may be more deeply investigated to determine if other perturbations - pressure
or insertion of different guest ions in the extra-framework - can also cause
deformations. Furthermore, elucidating the process’s reversibility is also of
interest, as SPCs can be used as sensors.*® For example, the adsorption of
O2 by the SPC [Zn4sO(bpz)2(abdc)] causes a quenching in its
photoluminescence, which allows for oxygen sensing.® lon sensing in aqueous
solutions has also been reported, with the adsorption order of SCN™> N3~ >

N(CN)2~ > ClO4~ leading to tunable luminesce in one-dimensional zinc SPCs.”
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The material’s superior adsorption capacity for perrhenate is very
promising. A follow-up study on the use of pertechnetate itself will allow better
determination of the applicability of SLUG-53 for the remediation of radioactive
waste. Further investigations also include adsorption capacity studies in
mediums containing ions commonly present in pertechnetate waste. A good
strategy in that regard would be to use simulated high-level radioactive waste
(HLW). The SLUG-53 stability when submitted to radiation or pH variations and
the adsorption process’ reversibility is of interest. These are promising studies
as SBN ([Ag(4,4’-bipyridine]NOs), a material analogous to SLUG-53, has been
reported to retain its high adsorption capacity in a large range of pH.8 Finally,
the adsorption of perrhenate by SLUG-53 could be tested in a dynamic setting
by performing column studies.

Further elucidation of coordination polymers containing bipyridine
groups can be obtained by studying systems analogous to the one presented
in Chapter 3. We recently reported the uptake of Cr(IV) species by SBA
([Ag(4,4'-bipy)][CH3CO2]-3H20) and SEN ([Ag(4,4"-bpe)][NO3], bpe = 1,2-bis(4-
pyridyl)ethane). Although both the materials show high Cr uptakes (533.48
mmol/mol and 481.28 mmol/mol for SBA and SEN, respectively), the anion
exchange reaction presents different kinetics. SBA reaches it maximum
adsorption capacity much faster than SEN.® Our group is currently investigating

modular copper 4,4’-bipyridine amino acid coordination polymers for ion
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exchange and the prediction of ion exchange thermodynamics of silver

bipyridine coordination polymers using DFT.

5.4 Pauling-Corey Rippled B-dimers Project

The antiparallel rippled B-sheets formation is still incredibly unexplored,
and many systems presenting this supramolecular feature are yet to be
unveiled. After the publication of the work in Chapter 4, the Raskatov group
reported three more polypeptide structures presenting rippled B-motifs:
[FYF.fyf], [FWF.fwf], and [FWF.fyf]. Dimeric units similar to the ones observed
in the triphenylalanine system were found. However, while in [FFF.fff] the
dimers were terminally ordered in a herringbone fashion, in the new structures
they further aggregate to form extended antiparallel rippled B-sheet layers. The
replacement of the central phenylalanine by tyrosine or tryptophan possibly led
to an end-to-edge interaction between the L and d polypeptides instead of the
edge-to-edge observed for the [FFF fff].1°

The structures described represent a novel supramolecular
arrangement. Future studies include expanding the tripeptide to larger or
infinite polypeptide chains as our database mining showed rippled motifs were
present in the glu-lys-glu-leu-val sequence of RV1738,"" and in the lys-gly-phe-
arg sequence of Kaliotoxin.'? The study of longer chains will bring insights into
why some systems preferred to arrange in a rippled over pleated fashion. The

finds will sum to recent studies' that investigated the rippled-genic behavior of
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polypeptides by NMR and will aid the rational design of materials presenting

this novel supramolecular chemistry.
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Table A.1 Cartesian coordinates (A) of the optimized (BP86-D3BJ/def2-SVP-

TOITIOOITOITOOOIZTOIOIOIOIOOIIOIOOOTTTITZ

Appendix

CPCMuater) structure of FFF:fff.

4.09370415118074
3.96372050731073
3.67631800795364
5.10684826815001
4.68579699986856
4.21448263423020
3.40980475436177
3.38849381951550
1.97814220013488
1.54884004221062
2.05396185690734
1.09701622979355
1.09001748865928
1.71128992818933
0.29689600869346
0.30059192960416
-0.50386245035868
-1.12640255974232
-0.50629168506993
-1.13393642246107
0.29214352294006
0.28717212918944
4.34294104144003
4.02617325620660
4.39183936657579
4.53310543154521
5.11461928813669
5.03142864014147
6.60638929528331
6.66557687589099
6.89946224238773
7.54254308228714
7.58844472576498
6.94541458912158
8.45406241058803
8.45866869918136

12.55158927464286
11.87945342785070
13.45649622333425
12.72465726857804
10.00514061707158
10.83662052651225
12.02854135266891
12.83743527898451
11.57525758215830
11.10109355234939
10.79648718941633
12.71237139894564
13.10851995683912
12.55279025588311
14.19002383941204
14.48984062825498
14.88372023555253
15.72951255555404
14.49105974185670
15.02638237004613
13.41473994354018
13.10692663820845
10.71642127776430
11.45980460038944
10.13695537762992
9.25649096794045
9.61794373703439
8.76479723071096
10.03204527673807
10.81001469482846
10.50545984207140
8.88459583473587
8.28365432032168
8.66743223090499
7.20893971981611
6.74144750394299

217

8.01951364412157
8.89432214522468
8.29311390077636
7.86526886151337
7.08428367684645
6.28704928091444
6.80005942484666
6.04322345172614
7.15655122642748
6.25346523955252
7.94155838244508
7.62055690280438
8.97692250143198
9.70001424570751
9.39669431116368
10.45650801618807
8.47211911233997
8.80337394705965
7.12126056936911
6.39177196518855
6.69959318764820
5.64159702917600
4.95139847892585
4.32051429068197
2.13900493459608
3.00946511222600
4.38145018136459
5.07907335395468
4.24216281816270
3.45165198777844
5.19887788497200
3.94395032674684
2.66674556186903
1.86030598840700
2.40909750515203
1.41303033853607
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9.30756466458947
9.98108783486585
9.27910482335856
9.93367021228568
8.39410679692009
8.36419766813895
4.27663118712145
4.39016191615368
5.36980195556720
5.09304882803972
4.90057255794537
3.97434193707562
4.15988268217939
2.48655619546023
1.85209546270454
2.32724214528117
2.11097727051036
2.28383758162549
2.67080634096225
1.97216973402590
2.11294850143188
1.48716530888976
1.23529636180071
1.31363145278839
0.92521192817041
1.62688866751194
1.50038556562449
4.74703122774710
4.86982114067797
5.16572951866549
3.73588967731612
4.16396127954101
4.63668287937818
5.43805826522110
5.46305755532070
6.86792610873869
7.30324336496732
6.78863229433642
7.74531512969249
7.74620225810931
7.12226633738760
8.53610557380459
8.52777712362381
9.33923708665485

6.72918695577871
5.88275984854788
7.32382914438217
6.94739162654751
8.38361619037178
8.83646995965917
7.94432643547798
7.30690269470780
5.51211468406074
5.85257505134016
6.14531097208455
7.35780504501355
8.13603868377272
6.92138841586021
7.81224356928512
6.59796256665133
5.80620589219198
4.45495364572536
4.22534617366592
3.41055767808345
2.36460126016809
3.70102699174574
2.88618588539751
5.04280868136374
5.27458827729304
6.08414190438623
7.13045249278436
4.19342206535575
4.86859999022297
3.29077403479728
4.01485485660771
6.74099311505567
5.91001586461808
4.71658749571353
3.90877021067308
5.16821719136807
5.64298378557832
5.94642718974931
4.02995894798071
3.63468321238378
4.19134827437473
2.55234105284025
2.25340164652189
1.85655064983315
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3.41817773094835
3.21748271978528
4.69135159978216
5.49237800535179
4.95215142881515
5.95638546896319
2.83632745682123
3.64608983816175
2.26698208562355
0.05486234185960
1.25187163274656
1.54693871462719
0.78141118168691
1.42477292423107
1.60606231857112
0.37609533953726
2.37244680421324
1.99379188158820
0.98911503166958
2.87910349859398
2.56553803860911
4.17042290894159
4.86589264946698
4.55795607578832
5.56116588140656
3.66815534639682
3.98520466935573
4.38663953239223
3.51236735404479
4.10731414188434
4.54727049323470
5.31970178886795
6.11657509188658
5.60216894786604
6.35997761795219
5.23686214111084
6.13686772890228
4.45160130783574
4.76861216913461
3.41199288294599
2.69196386862010
2.98827944757836
1.92824534422122
3.90916358454985
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9.95906506252588
9.34747886624511
9.97688767485362
8.55257204045476
8.56224206367965
4.51052720974095
4.82651042328429
4.45232595927066
4.30897502190871
3.73597511114322
3.82437115588301
2.24330073099328
2.17747246094972
1.95932459305754
1.30292448053796
1.24628926054932
1.88425058064177
0.37671889880669
0.36398847124617
-0.47041059278953
-1.14694010497439
-0.43155406803901
-1.08076873075477
0.45762561067833
0.49635272347544
4.55794847339994
4.44090072447028
3.45773153209174
3.72372766929813
3.92218845055026
4.85142631989578
4.66304253740939
6.33799403486710
6.97470662291954
6.49410552636178
6.71402078474572
6.54366053238547
6.15815230682130
6.85585320690155
6.71736316114667
7.33815102249408
7.58955393048688
7.50710227758705
7.88968207936726

1.00998479980240
2.24803499228983
1.71100378114162
3.32541707508023
3.63190721945685
6.03229462726670
5.28942368673009
6.60889428488492
7.49022987865021
7.13021966374973
7.98469998990265
6.71538912344956
5.93349904559341
6.24640532392327
7.86019962901400
8.45719361506985
8.07248796859544
9.52946860213518
9.99405460084568

10.01046241701172
10.85507471550927

9.41947292909609

9.79703992510457
8.36233045564615
7.91346605546526
8.80345073438008
9.44241168791802
11.23195820553672
10.89370536486153
10.60018630256060
9.38888224494806
8.60924727106737
9.82787788232499
8.93916325253939
10.14606052384495
10.94844574207184
12.29762245682966
12.52157842727393
13.34711395800373
14.39123957898378
13.06412388275726
13.88299875538902
11.72451427242645
11.49728715754806
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3.57486101451993
5.26035139643555
5.98706279816186
5.68587348668957
6.74422251177071
7.45220154621982
8.08403981081477

10.26408493469117

9.39504697506979
8.01935926195330
7.32401109400939
8.14594351566544
8.93207273703793
7.18443283902556
8.44063142782111
9.71925040002921

10.52931357266964

9.97359028393214

10.97094721913926

8.95970510299747
9.15804996991875
7.68513411129953
6.88030795999379
7.42775676507842
6.42204849777097
9.57209305360787
8.76417612467272
10.13619692761770
12.35022202628192
11.15420196520344
10.86400355769733
11.62747022693811
10.99427526631197
10.81038900872820
12.04506325579148
10.05328804868640
10.44049823518437
11.44705665043399
9.56158813110815
9.88217394534763
8.26764787422629
7.57680417956278
7.87058479718694
6.86407916177420



C 7.19436456586794 10.67803224808990  8.75476176529525
H 7.31699362953703  9.63366286271353  8.42976376320827
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Table A.2 Chapter 2 synthetic details

Sample Reagent Formul Target Used Temperat Tim
ID s a weight/ weight/ ure e
weight volume volume (°C) (ho
(g/mol) urs)
BE02_01 Al(iPrO)s 187.56 0.1000 g 0.1002 g 135 2
Mn(OAc).4  245.09 0.0150 g 0.0154 g
H20 97.99 50 pL 50 pL
HsPO4 233.15 1.500 g 1518 g
DIPI
BE02 02  Al(iPrO)s 187.56 0.1000 g 0.1017 g 135 4
Mn(OAc)2.4  245.09 0.0150 g 0.0161 g
H20 97.99 50 uL 50 uL
HsPO4 233.15 1.500 g 1.502 g
DIPI
BE02_03  AIl(iPrO)s 187.56 0.1000 g 0.1006 g 135 117
A Ni(OAc)2.4  248.84 0.0160 g 0.0169 g
H20 97.99 50 pL 50 pL
HsPO4 20.01 2 uL 2 uL
HF 24715 1.1627 g 1.158 g
DIBU
BE02 03  Al(iPrO)s 187.56 0.1000 g 0.099 g 135 120
B Ni(OAc)2.4  248.84 0.0160 g 0.0168 g
H20 97.99 50 uL 50 uL
HsPO4 20.01 2L 2 uL
HF 247.15 1.1627 g 1.163 g
DIBU
BE02_ 04  AIl(iPrO)s 187.56 0.1000 g 0.108 g 135 120
Ni(OAc)2.4  248.84 0.0301g 0.0307 g
H20 97.99 50 pL 50 pL
HsPO4 20.01 2 uL 2 uL
HF 24715 1.1627 1.150 g
DIBU
BE02_ 05  Al(iPrO)s 187.56 0.1000 g 0.100 g 135 120
Ni(OAc)2.4  248.84 0.0460 g 0.0465 g
H20 97.99 50 uL 50 uL
HsPO4 20.01 2L 2 uL
HF 247.15 1.1627 g 1.158 g
DIBU
BE02_07  Al(iPrO)s 187.56 0.1000 g 0.108 g 135 120
HsPO4 97.99 45 uL 45 uL
HF 20.01 2 uL 2 uL
H20 18.02 15 uL 15 uL
DIBU 247.15 1.3009 g 1.294 g
BE02_ 08  Al(iPrO)s 187.56 0.1000 g 0.100 g 135 120
HsPO4 97.99 45 L 45 L
HF 20.01 2L 2L
H20 18.02 20 uL 20 uL
DIBU 247.15 1.3009 g 1.296 g
BE02_10  AIl(iPrO)s 187.56 0.1000 g 0.103 g 135 120
HsPO4 97.99 50 pL 50 pL
HF 20.01 2L 2L
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BE02_11

BE02_11

BE02_13

BE02_14

BE02_15

BE02_16

BE02_17

BE02_18

BE02_19

BE02_20

H-O
DIBU
Al(iPrO)s
HsPOa4
HF
H-0O
DIBU
Al(iPrO)s
HsPO4
HF
H-O
DIBU
Al(iPrO)s
HsPOa4
HF
H-0O
DIBU
Al(iPrO)s
HsPO4
HF
H-O
DIBU
Al(iPrO)s
HsPOa4
HF
H-0O
DIBU
Al(iPrO)s
HsPO4
HF
H-O
DIPI
Al(iPrO)s
HsPOa4
HF
H-0O
DIPI
Al(iPrO)s
HsPO4
HF
H-O
DIPI
Al(iPrO)s
Ni(OAc)2.4
H-0O
HsPOa4
HF
DIPI
Al(iPrO)s
HsPO4
HF
H-O
DIPI

18.02
247.15
187.56

97.99

20.01

18.02
247.15
187.56

97.99

20.01

18.02
247.15
187.56

97.99

20.01

18.02
247.15
187.56

97.99

20.01

18.02
247.15
187.56

97.99

20.01

18.02
247.15
187.56

97.99

20.01

18.02
233.15
187.56

97.99

20.01

18.02
233.15
187.56

97.99

20.01

18.02
233.15
187.56
248.84

97.99

20.01
233.15

187.56
97.99
20.01
18.02

233.15

4.4 uL
1.2500 g
0.1000 g

50 uL

2 UL
10.45 pL
1.2500 g
0.1000 g

50 uL

2 uL

4.4 uL
1.2500 g
0.1000 g

50 uL

2 UL

4.4 uL
1.2500 g
0.1000 g

50 uL

2 uL
10.45 pL
1.2500 g
0.1000 g

50 uL

2 UL

12.9 L
1.2500 g
0.1000 g

50 uL

2 uL

1.7 uL
1.7000 g
0.1000 g

50 uL

2 UL

9.3 uL
1.7000 g
0.1000 g

50 uL

2 uL

13.3 L
1.7000g
0.9050 g

0.0118

50 uL

2 UL
1.1600 g

0.1000 g
50 uL
2 uL
9.7 uL

1.7000g

4.4 L
1.249 g
0.101g
50 uL
2 uL
10.45 pL
1.251¢
0.100 g
50 uL
2 uL
4.4 L
1.254 g
0.100 g
50 uL
2 uL
4.4 uL
1.254 g
0.101g
50 yL
2 uL
10.45 pL
1.248 g
0.100 g
50 uL
2 UL
12.9 uL
1.249 g
0.101g
50 uL
2 uL
1.7 uL
1.702 g
0.101g
50 uL
2 uL
9.3 uL
1.700 g
0.101g
50 uL
2 uL
13.3 L
1.701 g
0.101g
0.0111g
50 uL
2 uL
1.160 g

0.100 g
50 uL
2 uL
9.7 uL

1.703 g

135

135

135

135

135

135

135

135

135

135

120

120

120

120

120

120

120

120

120

120
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BE02 21  AI(PrO);  187.56 0.1000 g 0.101g 135 120
Mn(OAc)..4  245.09 0.0150 g 0.0145 g
H-0 97.99 50 pL 50 pL
HaPO4 20.01 2L 2 L
HF 233.15 1.7000 g 1.703 g
DIPI
BE02_25 Al(PrO)s  187.56 0.1000 g 0.103 g 135 120
Mn(OAc).4  245.09 0.0312 g 0.0307 g
H-0 97.99 50 pL 50 pL
HaPO4 20.01 2 L 2 L
HF 233.15 1.5035 g 1.500 g
DIPI
BE02 26  Al(PrO);  187.56 0.1000 g 0.102 g 135 192
Mn(OAc)..4  245.09 0.0470 g 0.0472 g
H-0 97.99 50 pL 50 pL
HaPO4 20.01 2L 2 L
HF 233.15 1.5045 g 1.500 g
DIPI
BE02 27 Al(PrO)s  187.56 0.1019 g 0.101g 135 264
Mn(OAc).4  245.09 0.0470 g 0.0467 g
H-0 97.99 50 pL 50 pL
HaPO4 20.01 2 L 2 L
HF 233.15 1.5045 g 1.501 g
DIPI
BE02 28  AI(PrO);  187.56 0.1000 g 0.0999 g 135 120
HaPO4 97.99 37 uL 37 L
H-0 18.02 5.6 pL 5.6 uL
DIBU 247.15 1.1440 g 1.4401 g
BE02_29  Al(PrO)s  187.56 0.1000 g 0.0999 g 135 120
HaPO4 97.99 37 uL 37 L
HF 20.01 2L 2 L
H-0 18.02 4.5 uL 4.5 uL
DIBU 247.15 1.440 g 1.401 g
BE02 30  AI(PrO);  187.56 0.1000 g 0.1005 g 135 120
HaPO4 97.99 37 uL 37 L
HF 20.01 4L 4L
H-0 18.02 3.4 L 3.4 L
DIBU 247.15 1.440 g 1.4394 g
BE02 31  Al(PrO)s  187.56 0.1000 g 0.1001 g 135 120
HaPO4 97.99 37 pL 37 L
HF 20.01 6 L 6 uL
H-0 18.02 2.3 L 2.3 L
DIBU 247.15 1.440 g 1.4398 g
BE02 32  AI(PrO);  187.56 0.1000 g 0.1007 g 135 120
HaPO4 97.99 37 uL 37 L
HF 20.01 8 uL 8 uL
H-0 18.02 1.1 L 1.1 L
DIBU 247.15 1.440 g 1.4402 g
BE02_33  Al(PrO)s  187.56 0.1000 g 0.995 g 135 120
HaPO4 97.99 37 L 37 pL
HF 20.01 10 pL 10 pL
DIBU 247.15 1.440 g 1.4399 g
BE02 34  AI(PrO);  187.56 0.1000 g 0.1006 g 135 120
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BE02_35

BEO02_36

BE02_37

BEO02_38

BE02_39

BE02_40

BE02_41

BE02_42

Mn(OAc)2.4
H-0O
HsPOa4
H-0O
DIBU
Al(iPrO)s
Mn(OAc)2.4
H-O
HsPO4
HF
H-O
DIBU
Al(iPrO)s
Mn(OAc)2.4
H-0O
HsPOa4
HF
H-0O
DIBU
Al(iPrO)s
Mn(OAc)z.4
H-O
HsPO4
HF
H-O
DIBU
Al(iPrO)s
Mn(OAc)2.4
H-0O
HsPOa4
HF
H-0O
DIBU
Al(iPrO)s
Mn(OAc)z.4
H-O
HsPO4
HF
DIBU
Al(iPrO)s
Ni(OAc)2.4
H-0O
HsPOa4
HF
DIPI(Ni)
Al(iPrO)s
Mn(OAc)z.4
H-O
HsPO4
HF
DIBU
Al(iPrO)s

245.09
97.99
18.02

247.15

187.56
245.09
97.99
20.01
18.02
247.15

187.56
245.09
97.99
20.01
18.02
247.15

187.56
245.09
97.99
20.01
18.02
247.15

187.56
245.09
97.99
20.01
18.02
247.15

187.56
245.09
97.99
20.01
247.15

187.56
248.84
97.99
20.01
233.15

187.56
245.09
97.99
20.01
247.15

187.56
248.84

0.0130g
37 uL
5.3 uL

1.4515¢g

0.1000 g
0.0130 g
37 pL
2
4.2 uL
1.4515¢g

0.1000 g
0.0130 g
37 uL
4
3.15uL
1.4515¢g

0.1000 g
0.0130 g
37 pL
6
2.1 L
1.4515¢g

0.1000 g
0.0130 g
37 uL
8
3.15uL
1.4515¢g

0.1000 g
0.0130 g
37 pL
10
1.4515¢g

0.3000 g
0.1300
125 pL

6 uL

3.964 g

0.3000 g
0.0445 g
125 pL
6 uL
4.2093 g

0.3000 g
0.1300

0.0121g
37 uL
53 uL

1.4522 g

0.1006 g
0.0129 g
37 pL
2
4.2 uL
1.4532 g

0.1005 g
0.0125¢g
37 uL
4
3.15 uL
1.4515¢g

0.1002 g
0.0132 g
37 pL
6
2.1 L
1.533 g

0.998 g
0.0134 g
37 uL
8
3.15 uL
1.4515¢g

0.0998 g
0.0133 g
37 pL
10
1.4541¢

0.2995¢g
0.1307 g
125 uL
6 uL
3.9647 g

0.3003 g
0.0448 g
125 pL
6 uL
4.2099 g

0.3005 g
0.1297 g

135

135

135

135

135

135

135

135

120

120

120

120

120

120

120

120
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BE02_43

BE02_45

BE02_46

BEO02_48

BE02_50

BE02_51

BE02_52

BE02_53

BE02_55

Ni(OAc)2.4
H-0O
HsPOa4
HF
DIPI(Ni)
Al(iPrO)s
Mn(OAc)2.4
H-O
HsPO4
HF
DIBU
Al(iPrO)s
Ni(OAc)2.4
H-0O
HsPOa4
HF
DIPI(Ni)
Al(iPrO)s
Mn(OAc)2.4
H-O
HsPO4
HF
DIBU
Al(iPrO)s
HsPOa4
HF
DIBU
Al(iPrO)s
Co(OAc)..4
H-O
HsPO4
HF
DIBU
Al(iPrO)s
Co(OAc)2.4
H-0O
HsPOa4
HF
DIBU
Al(iPrO)s
Co(OAc)2.4
H-O
HsPO4
HF
DIBU
Al(iPrO)s
Co(OAc)2.4
H-0O
HsPOa4
HF
DIBU
Al(iPrO)s

97.99
20.01
233.15

187.56
245.09
97.99
20.01
247.15

187.56
248.84
97.99
20.01
233.15

187.56
245.09
97.99
20.01
247.15

187.56
97.99
20.01
247.15
187.56
249.08
97.99
20.01
247.15

187.56
249.08
97.99
20.01
247.15

187.56
249.08
97.99
20.01
247.15

187.56
249.08
97.99
20.01
247.15

187.56
245.09

125 pL
6 uL
3.964 g

0.3000 g
0.0445 g
125 pL
6 uL
4.2093 g

0.3000g
0.127
125 pL
6 uL

3.964 g

0.3000 g
0.0445 g
125 pL
6 uL
4.2093 g

0.1000 g
67 uL
2 UL

1.1400 g

0.1000 g

0.0140g
37 pL
2 uL

14512 g

0.3000 g
0.0420 g
111 pL
24 pL
4.3500 g

0.3000 g
0.0420 g
111 pL
24 pL
4.3500 g

0.3000 g
0.0420 g
111 pL
24 pL
4.3500 g

0.3000 g
0.0445 g

125 uL
6 uL
3.9630¢g

0.2997 g
0.0443 g
125 pL
6 uL
42136 g

0.2993 g
0.1271g
125 uL
6 uL
3.968 g

0.2994 g
0.0453 g
125 pL
6 uL
42011 g

0.0997 g
67 uL
2 uL

1.1397 g

0.0994 g

0.0147 g
37 pL
2 uL

1.4505 g

0.2992 g
0.0423 g
111 L
24 L
4.3594 g

0.2997 g
0.0421 g
111 pL
24 L
4.3519 g

0.3004 g

0.0429 g
111 L
24 L

4.3517 g

0.2992 g
0.0444 g

135

135

135

135

135

135

135

135

135

120

120

120

72

120

120

120

120

120
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Mn(OAc)2.4 97.99 111 pL 111 uL
H20 20.01 6 uL 6 uL
H3PO4 247.15 4.3500 g 4.3541 g
HF
DIBU
BE02_58 Al(iPrO)s 187.56 0.1000 g 0.0994 g 125 120
H3sPO4 97.99 67 uL 67 uL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.1451¢g
BE02_59 Al(iPrO)s 187.56 0.1000 g 0.0993 g 100 120
H3PO4 97.99 67 pL 67 pL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.1430 g
BE02_60 Al(iPrO)s 187.56 0.1000 g 0.0995¢g 125 120
H3PO4 97.99 67 uL 67 uL
HF 20.01 2 uL 2 uL
DIPI (1) 247.15 1.2000 g 1.196 g
BE02_61 Al(iPrO)s 187.56 0.1000 g 0.1008 g 100 120
H3sPO4 97.99 67 pL 67 pL
HF 20.01 2 uL 2 uL
DIPI (1) 247.15 1.2000 g 1.1970 g
BE02_63 Al(iPrO)s 187.56 0.1000 g 0.100g 80 72
H3PO4 97.99 67 uL 67 uL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.134 g
BE02_64 Al(iPrO)s 187.56 0.1000 g 0.099 g 100 20
H3PO4 97.99 67 pL 67 pL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 11319
BE02_65 Al(iPrO)s 187.56 0.3000g 0.2992 g 135 120
Mn(OAc)2.4  245.09 0.0445¢g 0.0445¢g
H20 97.99 111 pL 111 uL
H3PO4 20.01 6 uL 6 uL
HF 247.15 4.3500 g 4.3488 g
DIBU
BE02_69 Al(iPrO)s 187.56 0.1000 g 0.1001 g 100 48
H3sPO4 97.99 67 pL 67 pL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.1449 g
BE02_70 Al(iPrO)s 187.56 0.1000 g 0.0999 g 100 120
H3PO4 97.99 67 uL 67 uL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.1470 g
BE02_71 Al(iPrO)s 187.56 0.1000 g 0.1001 g 75 72
H3PO4 97.99 67 pL 67 pL
HF 20.01 2 uL 2 uL
DIBU 247.15 1.1400 g 1.1495 g
BE02_72 Al(iPrO)s 187.56 0.1000 g 0.1009g 100 120
H3PO4 97.99 67 uL 67 uL
HF 20.01 2 uL 2 uL
DIPI 247.15 1.2000 g 1.2036 g
BE02_73 Al(iPrO)s 187.56 0.1000 g 0.1021 g 100 72
H3PO4 97.99 67 pL 67 pL
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HF 20.01 2 L 2 L
DIPI 247.15 1.2000 g 1.1995 g
BE02_74  Al(PrO);  187.56 0.1000 g 0.1009 g 100 120
HaPO4 97.99 67 pL 67 pL
HF 20.01 2L 2L
DIPI 24715 1.200 g 1.2036 g
BE02_75 Al(PrO)s  187.56 0.1000 g 0.1004 g 135 120
Mn(OAc).4  245.09 0.0130 g 0.0133 g
H-0 97.99 37 pL 37 pL
HaPO4 18.02 5.3 uL 5.3 uL
H-0 247.15 1.4515 g 1.4542 g
DIBU
BE02_76  Al(PrO);  187.56 0.1000 g 0.1004 g 135 120
Mn(OAc).4  245.09 0.0130 g 0.0133 g
H-0 97.99 37 L 37 pL
HaPO4 18.02 5.3 L 5.3 uL
H-0 247.15 1.4515 g 1.4542 g
DIBU
BE02_77  Al(PrO)s  187.56 0.1000 g 0.1000 g 135 120
HaPO4 97.99 67 pL 67 pL
HF 20.01 10 pL 10 pL
DIPI 247.15 1.2000 g 1.2040 g
BE02_78  AI(PrO);  187.56 0.1000 g 0.1007 g 135 120
HaPO4 97.99 67 pL 67 pL
HF 20.01 10 uL 10 uL
DIBU 247.15 1.1400 g 1.1423 g
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Table A.3 Chapter 3 synthetic details

SampleID Reagents Molar Formula Target Used Temperature Time
ratio weight weight  weight/ (°C) (hours)
(mmol) (g/mol) (9) volume
BE02_79A AgNO3 1 169.87 0.1699 0.1687 g RT 24
2,4’ -bipy 1 156.19 0.1562 0.1570g
MilliQ H20 10 mL
BE02_79B AgNO3 1 169.87 0.1699 0.1710g 150 72
2,4’ -bipy 1 156.19 0.1562 0.1571g
MilliQ H20 10 mL
BE02_79C AgNO3 1 169.87 0.1699 0.1700 g 70 1
2,4’ -bipy 1 156.19 0.1562 0.1576 g
MilliQ H20 10 mL
BE02_80 AgNO3 1 169.87 0.1699 0.1702g 150 24
2,4’ -bipy 1 156.19 0.1562 0.1568 g
MilliQ H20 10 mL
BE02_82A AgNO3 0.5 169.87 0.0849 0.0854 g Cycling condition
2,4’ -bipy 1.01 156.19 0.1699 0.1710g
MilliQ H20 10 mL
BEO02_82B AgNO:3 1.10 169.87 0.1869 0.1872¢ Cycling condition
2,4’ -bipy 0.55 156.19 0.0849 0.0853 g
MilliQ H20 10 mL
BE02_83A AgNO3 0.5 169.87 0.0849 0.0853 g Cycling condition
2,4’ -bipy 0.5 156.19 0.0781 0.0772g
MilliQ H20 10 mL
BEO02_83B AgNO:3 1 169.87 0.1699 0.1707 g Cycling condition
2,4’ -bipy 1 156.19 0.1562 0.1565¢g
MilliQ H20 10 mL
BE02_84A AgNO3 1 169.87 0.1699 0.1690 g 100 120
2,4’ -bipy 1 156.19 0.1562 0.1575¢
MilliQ H20 10 mL
BE02_84B AgNO3 1 169.87 0.1699 0.1698 g 119 120
2,4’ -bipy 1 156.19 0.1562 0.1560 g
MilliQ H20 10 mL
BE02_85A AgNO3 1 169.87 0.1699 0.1701 g 150 120
2,4’ -bipy 1 156.19 0.1562 0.1575¢g
MilliQ H20 10 mL
BE02_85B AgNO3 1 169.87 0.1699 0.1701 136 120
2,4’ -bipy 1 156.19 0.1562 0.1575
MilliQ H20 10
BE02_86 AgNO3 1 169.87 0.1699 0.170g 150 120
2,4’ -bipy 1 156.19 0.1562 0.156g  Slow cooling
MilliQ H20 10 mL 0.1 °C/min
BE02_87A AgNO3 1 169.87 0.1699 0.169g 150 120
2,4’-bipy 1 156.19 0.1562 0.156 g Slow cooling
MilliQ H20 5mL 0.1 °C/min
DMF 5mL
BE02_87A AgNO3 1 169.87 0.1699 0.170g 150 120
2,4’ -bipy 1 156.19 0.1562 0.156g  Slow cooling
MilliQ H20 9.5 mL 0.1 °C/min
DMF 0.5 mL
BE02_88A AgNO3 1 169.87 0.1699 0.170g 150 120
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BE02_88B

BE02_89A

BE02_89B

BE02_90

BE02_100A

BE02_100B

BE02_101A

BE02_101B

BE02_102A

BE02_102B

BE02_102C

BE02_104A

2,4’-bipy
MilliQ H20
Acetonitril
e
AgNO3
2,4’ -bipy
MilliQ H20
Acetonitril
e
AgNO3
2,4’-bipy
MilliQ H20
Acetonitril
e
AgNO3
2,4’ -bipy
MilliQ H20
Acetonitril
e
AgNO3
2,4’-bipy
MilliQ H20
SLUG-
53iso
KMnO4
MilliQ H20
SLUG-
53iso
NaReO4
MilliQ H20
SLUG-
53iso
KCI
MilliQ H20
SLUG-
53iso
NaClO4.H2
0]
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
SLUG-
53iso
KBr
MilliQ H-0

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

326.06
158.04

326.06
273.14

326.06
74.5

326.06
140.46

169.87
156.19

169.87
156.19

169.87
156.19

326.06
140.46

0.1562

0.1699
0.1562

0.1699
0.1562

0.1696
0.1566

0.1699
0.1562

0.0720
0.0318

0.0720
0.0546

0.0720
0.0149

0.0720
0.0281

0.1699
0.1562

0.1699
0.1562

0.1699
0.1562

0.0720
0.0238

0.156 g
5mL
5mL

0.170g
0.156 g
9.5mL
0.5mL

0.1693 g
0.1568 g
5mL
5mL

0.170g
0.156 g
9.5 mL
0.5 mL

0.1691 g
0.1562 g
10 mL
0.0725 g
0.0318 g
10 mL

0.0724 g
0.0552 g
10 mL

0.0726 g
0.0151 g
10 mL

0.0724 g
0.0282 g
10 mL

0.170 g
0.156 g
10 mL
0.170 g
0.156 g
10 mL
0.169 g
0.157 g
10 mL
0.0724 g
0.0243 g
10 mL

Slow cooling
0.1 °C/min

150
Slow cooling
0.1 °C/min

120

Cyclic condition

Cyclic condition

150
Slow cooling
0.1 °C/min
RT

RT

RT

RT

150

150

150

RT

120

24

24

24

24

120

120

120

24
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BE02_104B

BE02_104C

BE02_106

BE02_107

BE02_108

BE02_109

BE02_110

BE02_111

BE02_113

BE02_114

BE02_115

BE02_116

BE02_117A

BE02_117B

BE02_117C

BE02_117D

SLUG-
53iso
Nal
MilliQ H20
SLUG-
53iso
K2CrO4
MilliQ H20
SLUG-
53iso
KCI
KBr
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgC2H302
2,4’-bipy
MilliQ H20
Zn(NO3)z2.
6H20
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20

0.2
0.2

0.2
0.115
0.115

0.5
0.5

0.5
0.5

0.5
0.5

0.5
0.5

0.5
0.5

326.06
140.46

326.06
194.19

326.06
194.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

166.19
156.19

297.48
156.19
169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

0.0720
0.0300

0.0720
0.0194

0.0843
0.0086
0.0137

0.0849

0.0785

0.0849
0.0785

0.0849
0.0785

0.0849
0.0785

0.0849
0.0785

0.6795
0.1562

0.6795
0.1562

0.2975
0.1562
0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.0718 g
0.0308 g
10 mL

0.0722 g
0.0200 g
10 mL

0.0843 g
0.0086 g
0.0136
10 mL

0.0849 g
0.0787 g
10 mL
0.0844 g
0.0784 g
10 mL
0.0850 g
0.0797 g
10 mL
0.0844 g
0.0791 g
10 mL
0.0846 g
0.0783 g
10 mL
0.670 g
0.156 g
10 mL
0.670 g
0.156 g
10 mL
0.295 g
0.157 g
10 mL

0.680 g
0.151g
10 mL
0.675g
0.156 g
10 mL
0.677 g
0.157 g
10 mL
0.6800 g
0.1555 g
10 mL
0.6798 g
0.1558 g
10 mL

RT

RT

RT

145

145

145

145

145

145
Slow cooling
0.1 °C/min
145
Slow cooling
0.1 °C/min
145
Slow cooling
0.1 °C/min

185

145

145

145

145

24

24

24

24

24

24

24

24

24

24

24

24

24
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BE02_117E

BE02_118A

BE02_118B

BE02_120A

BE02_120B

BE02_121A

BE02_121B

BE02_122A

BE02_122B

BE02_123

BE02_124

BE02_125

BE02_126

BE02_127

BE02_128

BE02_129

AgNO3
2,4’ -bipy
MilliQ H.0
SLUG-53
KMnOa4
MilliQ H0
SLUG-53
K2CrOa4
MilliQ H.0
SLUG-53
C4HeO4
MilliQ H0
SLUG-53
CsHsNa20

4
MilliQ H.0
SLUG-53
CsHeO4
MilliQ H0
SLUG-53
C7HsNa20

4
MilliQ H0
BEO2 117
D
CsHsO4
MilliQ H0
BE02_117
D
CsHsNa2O

4
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
ZnC2H302
2,4’ -bipy
MilliQ H20
ZnC2H302
2,4’-bipy
MilliQ H20

0.2
0.2

0.2
0.2

0.2
0.1

1.5

169.87
156.19

326.06
158.04

326.06
194.01

326.06
118.09

326.06
162.05
326.06
166.13
326.06
210.09

326.06
132.11

326.06
176.08

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

219.50
156.19

219.50
156.19

0.6795
0.1562

0.0720
0.0318

0.072
0.039

0.0720
0.0118

0.0720
0.0162
0.0720
0.0166
0.0720
0.0219

0.0720
0.0132

0.0720
0.0176

0.255
0.1562

0.340
0.1562

0.425
0.1562

0.510
0.1562

0.595
0.1562

0.878
0.1562

0.2195
0.1562

0.6785 g
0.1558 g
10 mL
0.072g
0.032 g
10 mL
0.073 g
0.040 g
10 mL
0.072g
0.011g
10 mL
0.070 g
0.016 g
10 mL

0.073 g
0.017 g
10 mL
0.072 ¢
0.022 g
10 mL

0.071g
0.015g
10 mL

0.071g
0.018 g
10 mL

0.257 g
0.156 g
10 mL
0.342g
0.154 g
10 mL
0.423 g
0.155¢g
10 mL
0.509 g
0.156 g
10 mL
0.594 g
0.154 g
10 mL
0.877g
0.154 g
10 mL
0.218g
0.154 g
10 mL

145

RT

RT

RT

RT

RT

RT

RT

RT

145

145

145

145

145

150
Slow cooling
0.1 °C/min
150
Slow cooling
0.1 °C/min

24

24

24

24

24

24

24

24

24

24

24

24

24

24

120

120
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BE02_132

BE02_133

BE02_136A

BE02_136B

BE02_136C

BE02_137A

BE02_137B

BE02_137C

BE02_137D

BE02_137E

BE02_137D

BE02_137F

BE02_140

BE02_142

BE02_143_

1

BE02_143_
2

BE02_143
4

AgNO3
2,4’ -bipy
HNO3
MilliQ H20
Cu(NOs)2.
2.5H20
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
SLUG-53
NaReO4
MilliQ H20
SLUG-53
NaReO4
MilliQ H20
SLUG-53
NaReO4
MilliQ H20
SLUG-53
NaReO4
MilliQ H20

—_

—_

—_

—_

—_

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

169.87
156.19
63.01

232.59
156.19
169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

326.06
273.14

326.06
273.14

326.06
273.14

326.06
273.14

0.510
0.1562

0.9304
0.1562

0.6795

0.1562

0.6795
0.1562

0.6795
0.1562

0.3397
0.1562

0.3397
0.1562

0.3397
0.1562

0.3397
0.1562

0.3397
0.1562

0.3397
0.1562

0.3397
0.1562

3.3749
0.7809

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.509 g
0.156 g
2.42 L
10 mL
0.933 g
0.154 g
10 mL

0.6744 g
0.1554 g
10 mL
0.6751¢g
0.1564 g
10 mL
0.6745¢g
0.1557 g
10 mL
0.3381g¢
0.1570¢g
10 mL
0.3381 g
0.1571 g
10 mL
0.3377 g
0.1567 g
10 mL
0.3371g
0.1564 g
10 mL
0.3374 g
0.1573 g
10 mL
0.3370 g
0.1565 g
10 mL
0.3370¢g
0.1565 g
10 mL
3.3747 g
0.7809 g
50 mL
0.0655 g
0.0551¢g
10 mL
0.0653 g
0.0543 g
10 mL
0.0654 g
0.0542 g
50 mL
0.0653 g
0.0540 g
50 mL

Cycling condition

Cycling condition

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

24

24

24

24

24

24

24

24

24

24

24
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BE02_143_
8

BE02_143_
12

BE02_143_
16

BE02_143_
20

BE02_143_

24

BE02_144

BEO03_01A

BE03_01B

BE03_01C

BE03_01D

BEO03_01E

BE03_01F

BE03_02A

BE03_02B

BE03_02C

BE03_03A

BE03_03B

BE03_03C

SLUG-53
NaReOa4
MilliQ H20
SLUG-53
NaReO4
MilliQ H20
SLUG-53
NaReOa4
MilliQ H20
SLUG-53
NaReO4
MilliQ H20
SLUG-53
NaReOa4
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
SLUG-53p
C4HgO4
H20
SLUG-53p
C3H404
H20
SLUG-53p
CsHgO4
H20
SLUG-53p
CsH1004
H20
SLUG-53p
NaReOa4
H20
SLUG-53p
NaBF4

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

20

0.2
0.1

0.2
0.2

0.2
0.2

326.06
273.14

326.06
273.14

326.06
273.14

326.06
273.14

326.06
273.14

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

326.06
118.09

326.06
104.6

326.06
132.11

326.06
146.14

326.06
273.19

326.06
109.79

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

3.3749
0.7809

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.0652
0.0118

0.0652
0.0104

0.0652
0.0132

0.0652
0.0146

0.0652
0.0546

0.0652
0.0220

0.0648 g
0.0544 ¢
10 mL
0.0653 g
0.0547 g
10 mL
0.0654 g
0.0543¢g
10 mL
0.0649 g
0.0546 g
10 mL
0.0648 g
0.0547 g
10 mL
3.3750 g
0.7809 g
50 mL
0.6797 g
0.1565 g
10 mL
0.6790 g
0.1570¢g
10 mL
0.6794 g
0.1565 g
10 mL
0.6799 g
0.1570¢g
10 mL
0.6792 g
0.1568 g
10 mL
0.6792 g
0.1561 g
10 mL
0.0651 g
0.0114
10 mL
0.0650 g
0.0101g
10 mL
0.0654 g
0.0132 g
10 mL
0.0654 g
0.0143 g
10 mL
0.0655 g
0.0550 g
10 mL
0.0654 g
0.0228 g

RT

RT

RT

RT

RT

70

145

145

145

145

145

145

RT

RT

RT

RT

RT

RT

12

16

20

24

24

24

24

24

24

24

24

24

24

24

24

24
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BEO03_04A

BE03_04B

BE03_04C

BE03_05A

BE03_05B

BE03_05C

BEO03_06A

BE03_06B

BE03_06C

BE03_07A

BE03_07B

BE03_07C

BEO03_08A

BE03_08B

BE03_08C

BE03_09A

BE03_09B

BE03_09C

H-0O
SLUG-53p
NaMnO4
H-O
SLUG-53p
NaClO4
H-0O
SLUG-53p
Na2CrOas
H-O
SLUG-53p
KBr
H-0O
SLUG-53p
NaCl
H-O
SLUG-53p
Nal
H-0O
SLUG-53
C4HsO4
H-O
SLUG-53
C3H404
H-0O
SLUG-53
CsHsO4
H-O
SLUG-53
CesH1004
H-0O
SLUG-53
NaReOa4
H-0O
SLUG-53
NaBF4
H-0O
SLUG-53
NaMnOa4
H-0O
SLUG-53
NaClO4
H-0O
SLUG-53
Na2CrOas
H-0O
SLUG-53
KBr
H-0O
SLUG-53
NaCl
H-0O
SLUG-53

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2

326.06
159.94

326.06
140.46

326.06
161.97

326.06
119.00

326.06
58.44

326.06
149.89

326.06
118.09

326.06
104.6

326.06
132.11

326.06
146.14

326.06
273.19

326.06
109.79

326.06
159.94

326.06
140.46

326.06
161.97

326.06
119.00

326.06
58.44

326.06

0.0652
0.0327

0.0652
0.0281

0.0652
0.0162

0.0652
0.0238

0.0652
0.0117

0.0652
0.0300

0.0652
0.0118

0.0652
0.0104

0.0652
0.0132

0.0652
0.0146

0.0652
0.0546

0.0652
0.0220

0.0652
0.0327

0.0652
0.0281

0.0652
0.0162

0.0652
0.0238

0.0652
0.0117

0.0652

10 mL
0.0654 g
0.0326 g
10 mL
0.0651 g
0.0270 g
10 mL
0.0654 g
0.0162 g
10 mL
0.0652 g
0.0238 g
10 mL
0.0656 g
0.0115g
10 mL
0.0656 g
0.0302 g
10 mL
0.0656 g
0.0118
10 mL
0.0653 g
0.0104 g
10 mL
0.0656 g
0.0133 g
10 mL
0.0653 g
0.0149 g
10 mL
0.0652 g
0.0546 g
10 mL
0.0652 g
0.0227 g
10 mL
0.0652 g
0.0320 g
10 mL
0.0652 g
0.0280 g
10 mL
0.0654 g
0.0164 g
10 mL
0.0650 g
0.0236 g
10 mL
0.0656 g
0.0124 g
10 mL
0.0658 g

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

RT

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24

24
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Nal 0.2 149.89 0.0300 0.0300 g
H-0O 10 mL
BE03_10A AgNO3 4 169.87 0.6795 0.6793 g 145 24
2,4 -bipy 1 156.19 0.1562 0.1555¢
MilliQ H20 10 mL
BE03_10B AgNO3 4 169.87 0.6795 0.6797 g 145 24
2,4 -bipy 1 156.19 0.1562 0.1573 g
MilliQ H0 10 mL
BE03_10C AgNO3 4 169.87 0.6795 0.6798 g 145 24
2,4 -bipy 1 156.19 0.1562 0.1560 g
MilliQ H0 10 mL
BE03_10D AgNO3 4 169.87 0.6795 0.6798 g 145 24
2,4 -bipy 1 156.19 0.1562 0.1566 g
MilliQ H0 10 mL
BE03_11A SLUG-53p 0.2 326.06 0.0652 0.0658 g RT 24
KMnO4 0.2 158.04 0.0318 0.0315¢
H-0O 10 mL
BE03_11B SLUG-53 04 326.06 0.130 0.0658 g RT 24
C3H404 0.2 104.06 0.0208 0.0208 g
H-0O 10 mL
BE03_11C SLUG-53 0.6 326.06 0.1956 0.1950 g RT 24
NaClO4 0.6 140.46 0.0843 0.0861¢g
H-0O 10 mL
BE03_11D SLUG-53 0.2 326.06 0.0652 0.0656 g RT 24
Na2MoOsa. 0.1 241.9 0.0242 0.0241 ¢
2H-0 10 mL
H-0O
BE03_11E SLUG-53p 0.2 326.06 0.0652 0.0658 g RT 24
Naz2MoOsa. 0.1 241.9 0.0242 0.0246 g
2H-0 10 mL
H-O
BEO03_14A  SLUG-53 0.2 326.06 0.0652 0.0661 g RT 20
Na2MoOsa. 0.1 241.9 0.0242 0.0248 g
2H-0 10 mL
H-0O
BE03_14B SLUG-53p 0.2 326.06 0.0652 0.0653 g RT 20
Naz2MoOsa. 0.1 241.9 0.0242 0.0248 g
2H-0 10 mL
H-O
BE03_15A AgNO3 6 169.87 1.0192 1.01469g 80 1.5
2,4 -bipy 2 156.19 0.3124 0.3134 g
MilliQ H.0 20 mL
BE03_15B AgNO3 6 169.87 1.0192 1.0185¢g 80 10
2,4 -bipy 2 156.19 0.3124 0.3125¢g
MilliQ H0 20 mL
BE03_16A AgNO3 4 169.87 0.6795 0.6799 g 145 24
2,4 -bipy 1 156.19 0.1562 0.1569 g
MilliQ H.0 10 mL
BE03_16B AgNO3 4 169.87 0.6795 0.6799 ¢ 145 24
2,4 -bipy 1 156.19 0.1562 0.1571¢
MilliQ H0 10 mL
BE03_16C AgNO3 4 169.87 0.6795 0.6705¢ 145 24
2,4’ -bipy 1 156.19 0.1562 0.1571¢g
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BEO03_16D

BEO03_16E

BEO03_16F

BE03_16G

BE03_16H

BEO03_16l

BEO03_16J

BE03_17

BE03_18A

BE03_18B

BE03_18C

BE03_19

BEO03_20A

BE03_20B

BE03_20C

BE03_20D

BEO03_20E

BE03_20F

MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
SLUG-53
NaReO4
H20
SLUG-53
NaReO4
H20
SLUG-53
NaReO4
H20
SLUG-53
NaReO4
H20
SLUG-54
AgNO3
H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4-bipy
MilliQ H20
AgNO3

0.4
0.4

0.4
0.4

0.4
0.4

0.4
0.4

0.13
40

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

326.06
273.19

326.06
273.19

326.06
273.19

326.06
273.19

514.26
169.87

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.1304
0.1093

0.1304
0.1093

0.1304
0.1093

0.1304
0.1093

0.685
6.795

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795

10 mL
0.6806 g
0.1564 g
10 mL
0.6788 g
0.1564 g
10 mL
0.6808 g
0.1567 g
10 mL
0.6791g
0.1566 g
10 mL
0.6796 g
0.1559 g
10 mL
0.6804 g
0.1563 g
10 mL
0.6796 g
0.1569 g
10 mL
0.1308 g
0.1094 g
20 mL
0.1308 g
0.1092 g
20 mL
0.1306 g
0.1095 g
20 mL
0.1306 g
0.1097 g
20 mL
0.689 g
6.7890 g
20 mL
0.6771g
0.1560 g
10 mL
0.6703 g
0.1554 g
10 mL
0.6725g
0.1571 g
10 mL
0.6796 g
0.1563 g
10 mL
0.6753 g
0.1571 g
10 mL
0.6754 g

145

145

145

145

145

145

145

RT

RT

RT

RT

RT

145

145

145

145

145

145

24

24

24

24

24

24

24

23

24

24

24

24

24

24

24

24

24

24
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BEO03_21

BE03_22

BE03_23A

BE03_23B

BEO03_24A

BE03_24B

BEO03_24C

BE03_24D

BEO03_24E

BE03_25A

BE03_25B

BE03_25C

BE03_25C

BE03_26A

BE03_26B

2,4’ -bipy
MilliQ H0
SLUG-54
AgNO3
H-O
SLUG-53p
NaReO4
H-0O
SLUG-53
NaReOa4
Na2SO4
H-O
SLUG-53
NaReOa4
Na2SO4
H-0O
SLUG-53
NaReOa4
H-O
SLUG-53
NaReO4
H-0O
SLUG-53
NaReO4
H-O
SLUG-53
NaReOa4
H-0O
SLUG-53
NaReO4
H-O
SLUG-53
NaReOa4
Na2SO4
H-0O
SLUG-53
NaReO4
Na2SO4
H-O
SLUG-53
NaReO4
Na2SO4
H-O

SLUG-53
NaReOa4
Na2S04

H20

AgNO3
2,4’ -bipy
MilliQ H20
AgNO3

0.076
15.2

0.4
0.4

0.4
0.4
20

0.4
0.4
80

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

0.4
0.4
20

0.4
0.4
20

0.4
0.4
80

0.4
0.4
80

156.19

514.26
169.87

326.06
273.19

326.06
273.19
142.04

326.06
273.19
142.04

326.06
273.19

326.06
273.19

326.06
273.19

326.06
273.19

326.06
273.19

326.06
273.19
142.04

326.06
273.19
142.04

326.06
273.19
142.04

326.06
273.19
142.04

169.87
156.19

169.87

0.1562

0.0390
2582

0.1304
0.1093

0.1304
0.1093
2.8408

0.1304
0.1093
11.36

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.0652
0.0546

0.1304
0.1093
2.8408

0.1304
0.1093
2.8408

0.1304
0.1093
11.36

0.1304
0.1093
11.36

3.3749
0.7809

1.6987

0.1565 g
10 mL
0.0390 g
2579
20 mL
0.1308 g
0.1093 g
20 mL
0.1306 g
0.1095 ¢
2.8393
20 mL
0.1306 g
0.1095 g
2.8393
50 mL
0.0654 g
0.0546 g
10 mL
0.0659 g
0.0547 g
10 mL
0.0656 g
0.0558 g
10 mL
0.0660 g
0.0548 g
10 mL
0.0658 g
0.0558 g
10 mL
0.1306 g
0.1092 g
2.8316
20 mL
0.1308 g
0.1094 g
2.8415¢
20 mL
0.1305¢g
0.1096 g
11.3657

g
50 mL
0.1313 g
0.1090 g
11.3686

g
10 mL
3.3758 ¢
0.7814 g
50 mL
1.7001 g

80

RT

RT

RT

145

145

145

145

145

RT

RT

RT

RT

RT

RT

24

24

24

24

24

24

24

24

24

24

24

24
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BE03_26C

BEO03_28A

BE03_28B

BE03_28C

BE03_28D

BEO03_28E

BE03_33A

BE03_33B

BE03_33C

BE03_33D

BE03_36A

BE03_36B

BE03_36C

BE03_37

TV01_11A

TV01_11B

TVO01_11C

2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20

2.5

10
2.5

156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

0.3920

1.6987
0.3920

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.6795
0.1562

0.1699
0.1562

0.1699
0.1562

0.1699
0.1562

0.3911g
10 mL
1.6972 g
0.3935g
10 mL
0.6798 g
0.1577 g
10 mL
0.6797 g
0.1567 g
10 mL
0.6793 g
0.1574 g
10 mL
0.6794 g
0.1576 g
10 mL
0.6792 g
0.1577 g
10 mL
0.6716 g
0.1574 g
10 mL
0.6753 g
0.1567 g
10 mL
0.6720 g
0.1571g
10 mL
0.6793 g
0.1569 g
10 mL
0.6768 g
0.1565 g
10 mL
0.6763 g
0.1569 g
10 mL
0.6782 g
0.1569 g
10 mL
0.6708 g
0.1523 g
10 mL
0.1687 g
0.1570 g
10 mL
0.1710 g
0.1571g
10 mL
0.1700 g
0.1577 g
10 mL

RT

145

145

145

145

145

145

145

145

145

145

145

145

145

RT

150

120

24

24

24

24

24

24

24

24

24

24

24

24

24

24

72

238



TV01_12D

TV01_13A

TV01_13B

TVO1_14

TV01_15A

TV01_15B

TV01_15C

TV01_17A

TV01_17B

TV01_18C

TVO1_19

TV01_20

TV01_21A

TV01_21B

TV01_21C

AgNO3
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
2,4’-bipy
MilliQ H20

AgNO3
2,4’ -bipy
MilliQ H20
AgC2H302
2,4’-bipy
MilliQ H20
Zn(NO3)z2.
H20
2,4’ -bipy
MilliQ H20
Cu(NOs)2.
2.5H20
2,4’-bipy
MilliQ H20
Cu(NOs)a.
2.5H20
2,4’ -bipy
MilliQ H20
Cu(NOs)2.
2.5H20
2,4’-bipy
MilliQ H20
Cu(NOs)a.
2.5H20
2,4’ -bipy
MilliQ H20
Cu(NOs)2.
2.5H20
2,4’-bipy
MilliQ H20
AgNO3
2,4’ -bipy
MilliQ H20
AgNO3
2,4’-bipy
MilliQ H20
Propanol
AgNO3
2,4’ -bipy
MilliQ H20
DMSO
AgNO3
2,4-bipy
MilliQ H20

_

=N

169.87
156.19

169.87
156.19

156.19

169.87

156.19

166.91
156.19

297.48
156.19

232.59
156.19

232.59
156.19

232.59
156.19

232.59
156.19

232.59
156.19

169.87
156.19
169.87
156.19

169.87
156.19

169.87
156.19

0.1699
0.1562

0.1699
0.1562

0.1562

0.1669

0.1562

0.1669
0.1562

0.2975
0.1562

0.2326
0.1562

0.2326
0.1562

0.2326
0.1562

0.2326
0.1562

0.2326
0.1562

0.1699
0.1562
0.3397
0.1562

0.1699
0.1562

0.1699
0.1562

0.1708 g
0.1573 g
10 mL
0.170 g
0.156 g
10 mL
0.155g
10 mL

0.1704 g
0.1572 g
10 mL
0.1672 g
0.1567 g
10 mL
0.2999 g
0.1567 g
10 mL

0.2332 g
0.1565 g
10 mL

0.2323 g
0.1568 g
10 mL

0.2329 g
0.1573 g
10 mL

0.2324 g
0.1565 g
10 mL

0.2324 g
0.1557 g
10 mL

0.1697 g
0.1562 g
10 mL
0.1687 g
0.1570¢g
5mL
5mL
0.1687 g
0.1570 g
5mL
5mL
0.1687 g
0.1570¢g
5mL

120
Slow cooling
0.1 °C/min
150
Slow cooling
0.1 °C/min
150
Slow cooling
0.1 °C/min
150

150

150

150

RT

100

70

100

24

120

120

24

120

120

120

120

120

168

Cycling coondition

RT

RT

RT

24

24

24

239



TVO01_22A

TV01_22B

TV01_23A

TV01_23B

TV01_24A

TV01_24B

TV01_24C

TV01_25A

TV01_25B

Ethyl
acetate
AgNO3

2,4’ -bipy
MilliQ H20
Acetonitril

e

AgNO3

2,4’-bipy

MilliQ H20

Acetonitril
e

AgNO3

2,4’ -bipy
MilliQ H20
Acetonitril

e
AgNO3
2,4’-bipy
MilliQ H20
Acetonitril
e
AgNO3

2,4’ -bipy

MilliQ H20
AgNO3
2,4’-bipy

MilliQ H20
AgNO3

2,4’ -bipy
MilliQ H20
SLUG-53

NaMnO4

H20

SLUG-53

K2CrOa4
MilliQ H20

0.5
0.5

oo
— —

0.5
0.5

oo
— —

0.2
0.2

0.2
0.2

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

169.87
156.19

326.06
141.92

326.06
194.19

0.0849
0.0781

0.0170
0.0156

0.0849
0.0781

0.0170
0.0152

0.1699
0.1562

0.1699
0.1562

0.1699
0.1562

0.072
0.0316

0.072
0.039

5mL

0.0858 g
0.0774g
5mL
5mL

0.0163 g
0.158 g
5mL
5mL

0.1687 g
0.1570 g
9.5 mL
0.5 mL

0.0175¢g
0.0164 g
0.5mL
0.5mL

0.172g
0.156 g
10 mL
0.171g
0.157 g
10 mL
0.170 g
0.158 g
10 mL
0.0725 g
0.0313 g
10 mL
0.0725 g
0.0399 g
10 mL

Cycling condition

RT

RT

RT

150
Slow cooling
0.1 °C/min
150
Slow cooling
0.1 °C/min
150
Slow cooling
0.1 °C/min
RT

RT

24

24

24

120

120

120

24

24

240





